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PREFACE 


This book provides a logical course in Heat which will meet the 
I needs of sixth-form students specialising in Science. Thus the range 
and standard are roughly those at present expected of candidates for 
Higher School Certificate and University Scholarship examinations, 
and the subject is treated with the thoroughness which may justly 
be required at this stage. 

The chief difficulties experienced in the study of Heat by such 
students are not mathematical, but he in the great care demanded to 
ensure that the principles are properly grasped, and that simple experi- 
ments are carried out reasonably well with due regard to the hmita- 
tions imposed by the apparatus. The necessity for such care has been 
kept before the reader continually. Most of the commoner pitfalls 
have therefore been pointed out and carefully explained, and I have 
tried to be precise on matters such as Newton's Law of Cooling and 
Kirchhoff’s Law, which are often expounded somewhat uncritically. 
Stress has also been laid on the importance of considering the 
accuracy of experimental work, and this is dealt with mathematically 
in Appendix II. Throughout the book the abbreviation ‘‘ In " has 
been used to signify natural logarithms, as this seems to be in 
accordance with modern mathematical practice. 

It will be realised that a book of this nature is largely an accumu- 
lation of ideas and methods that have been found good and assimi- 
lated during years of teaching, and can only be acknowledged in a 
general way. The works on whigh I have relied during the actual 
ipreparation of the book are acknowledged separately in the hope that 
he list may serve the student as a guide for further, reading. 

I must thank the firms wha have -kindly supplied me with facts 
nd illustrations, particularly thp Cambridge Instrument Company, 
he British Oxygen Company, the Foster Instrument Company, and 
Messrs. Radiation, Ltd. ; also the many authors and publishers who 
fcave generously allowed the use of diagrams from their books ; and 
pof. W. E. S. Turner, of the University of Sheffield, who helped me 
with information about the fracture of glassware. I am also grateful 
JO the Controller of H.M. Stationery Office for permission to use 
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material from the Meteorological Gbssary, the Science Museum Hand- 
books on Very Low Temperatures,*’ and from Dr, Jl. C. Sutcliffe’s 
Meteorology for Aviators which forms the basis of Chapter X. The 
eource from which each illustration is derived is acknowledged be- 
neath it. 

The questions at the ends of the chapters are taken from recent 
Higher School Certificate and Scholarship papers, by kind permission 
of the various Examining Bodies. These also are acknowledged indi- 
vidually, and a key to the letters used is given below ; 

C : Cambridge Higher School Certificate. 

C.S. : Cambridge Scholarship Examinations. 

B. : Bristol University Higher School Certificate. 

N. : Northern Universities’ Joint Matriculation Board H.S.C. 

O. ; Oxford Higher School Certificate. ' 

L. ; London University, Higher Schools Examination. 

C. W.B. : Central Welsh Board Higher School Certificate. 

O. & C. : Oxford and Cambridge Joint Board Higher Certificate. 

O.S. : Oxford Scholarship Examination. 

I am greatly indebted to Mr. J. R. Clarke, of the University of 
Sheffield, for undertaking the immense labour of working through 
the examples and reading the proofs, and making many suggestions 
for improvements ; and to Mr. A. J. V. Gale, who has given me great 
assistance and encouragement at all stages of the work, and has done 
so much to bring it to its present state. 


G. R. NOAKES 
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CHAPTER I 


TEMPERATURE 

The words “ hot ” and “ cold ” describe certain bodily sensations, 
which cannot be defined in other words. “ Hotness ” and '' cold- 
ness are qualities which we ascribe to the things which produce 
these sensations on contact with our bodies. The scientific name 
for hotness is temperature ; later we shall try to examine the nature 
of temperature, but at this stage any further attempt at explanation 
would be profitless and confusing. Temperature means hotness. In 
everyday life people speak of ‘‘ the heat of an oven ”, “ red heat ”, 
“ sweltering heat ”, and so on, when they mean ‘‘ hotness ” in each 
case. It is pedantic to quarrel with phrases which convey a per- 
fectly definite meaning from the speaker to the hearer, as these 
do. But this use of the word “ heat ” must be carefully avoided 
in scientific work, for the word has been reserved as a name for the 
form of energy whose transference from body to body, and whose 
change to or from other forms of energy, is the subject of this book. 

We cannot, in the strict sense of the word, measure temperature, 
but we can tell which of two bodies is the hotter (or at the higher 
temperature) and which the cooler (or at the lower temperature) ; 
that is, temperatures can be compared. A qualification is needed 
here, for ordinary observations will not justify us in saying that, 
for example, a coal fire is ten times as hot as a cup of tea ; we 
usually observe dijferences in hotijess, not ratios between hotnesses, 
and the practical measurement of temperature is thus really the com- 
parison of temperature differences. In later chapters, when dealing 
with the behaviour of gases, we shall employ ratios between tem- 
peratures ; but this does not affect the truth of the above statement 
in connection with the present problem of practical temperature 
measurement. 

There are two parts to the problem : (1) the selection of a standard 
temperature difference, or fuTidamerUal interval; and (2) the 
arrangement of a suitable instrument to compare other temperature 
differences with this ; such an instrument is called a thermometer. 

1 
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PRINCIPLES OF THERMOMETRY 

The fundamental interval. It has been established that, for pure 
substances, the change of state from solid to liquid and the change 
of state from liquid to vapour, take place at temperatures which 
at the same pressure are always reproducible. These temperatures 
at which solid and liquid can exist together in equilibrium, and at 
which liquid and vapour can exist together in equilibrium, are called 
the melting point and boiling point respectively. j 

The fixed temperatures chosen to define the fundaniental interval 
are the ice point, which is the equilibrium temperature between 
ice and air-saturated water at standard atmospheric pressure ; 
and the steam point, which is the temperature of Equilibrium 
between liquid water and its vapour at a pressure of one standard 
atmosphere. Pure ice and pure water and ‘‘ ordinary ” water- 
substance are of course understood ; dissolved impurities cause 
very considerable alterations in the equilibrium temperatures. The 
effect of change of pressure, small in the case of the ice point, but 
considerable for the steam point, is discussed later. 

Standard atmospheric pressure is defined as the pressure due to 
a column of mercury 760 mm. high, of density 13‘5951 gm./c.c., 
subject to gravitational acceleration 980-665 cm./sec.^, and equals 
1,013,250 dynes per square centimetre. 

The fundamental interval is the difference in temperature 
between the ice point and the steam point. On the centigrade (C.) 
notation' this interval is subdivided into a hundred equal degrees, 
the ice point being quite arbitrarily named 0° C. and the steam 
point 100° C. One centigrade degree is thus a temperature interval 
which is one hundredth of the fimdamental interval. The state- 
ment that “ the temperature of the room is 15° C.’’ means that the 
difference betTveen the temperature of the room and the ice point 
is 15/100 of the temperature difference between the steam point 
and the ice point. 

In the Fahrenheit (F.) notation ^he fundamental interval is 
divided into 180 equal degrees, the ice point and steam point 
being called quite arbitrarily 32° F. and 212° F. One Fahrenheit 
degree is a temperature interval which is 1/180 the fundamental 
interval, and is 5/9 of a centigrade degree. The statement “ I 
have a temperature of 101° F.” means that the difference between 
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the temperature of my body and the ice point is 69 Fahrenheit 
degrees, or 69^180 the temperature difference between the steam 
point and the ice point. 

The student may feel that this is carrying precision of statement 
to excess, for every time a metre stick is used we are ultimately 
comparing an interval of space with a fundamental space interval 
engraved on the standard metre, and similar considerations apply to 
the use of a balance and a clock ; but little stress is laid on these points 
in elementary work. Surely we just “ read a thermometer But 
suppose that all dividing engines were subject to large systematic 
errors, and that only a sundial was available to measure time inter- 
vals ; we should then have to think very carefully about each measure- 
ment of length and time. Thermometry has difficulties of this kind. 
A thermometer must not be regarded as giving absolute readings of 
temperature : it is a means of relating observed temperature differ- 
ences, more or less satisfactorily, to the fundamental interval. 

Scale of temperature. Any property of any suitable substance 
which varies as the temperature is changed can be used to compare 
temperature differences with the fundamental interval. For 
example, the volume of a liquid enclosed in a vessel, the volume of 
a fixed mass of gas maintained at constant pressure, the pressure 
of a fixed mass of gas maintained at constant volume, the electrical 
jresistance of a piece of metal, the saturated vapour pressure of a 
liquid, are among the many measurable physical properties which 
alter as the temperature changes. Any one of these can be made 
le basis of a scale of temperature (the word scale here meaning 
system of dividing the scale, rather than the notation employed) in 
the following way. 

Consider any one quantity the magnitude of which changes as 
he temperature changes, and denote thi? quantity by Z. Let Xq 
the value of X at the ice point, and its valuQ at the steam 
dnt. Let Z^ be the value at some unknown temperature C., 
hich is to be determined. Let equal changes in the value of Z 
[enote equal changes in temperature, so that changes in Z are 
Toportional to changes in temperature. 

A rise in temperature of 100 centigrade degrees (from 0® C. to 
00® C.) causes a change of (Z^qq - Zq) * ; a rise in temperature 

* The name “ fundamental interval ” is often given to (Xioo- Z©) ; we are 
using the term to mean “ fimdamental temperature interval 
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of t centigrade degrees (from 0®C. to fC.) causes a change of 


so 

and 

whence 


i {Xi - Xq), where k is some constant, 

100 = i:(Xioo-Xo), 

t ^ (X,-X ,) . 

100 (Xioo-Ao)’ 


and the temperature “ f C. on the scale employing the property X ” 
is given by the equation : 



Now, there is a theoretical absolute scale of temperature called 
the Kelvin Absolute Thermodynamic Scale, which is quite inde- 
pendent of the properties of any individual substance,' and is 
identical with the Ideal Gas Scale (p. 142), in which X is the product 
pressure x volume for a fixed mass of an ideal gas. This is the 
standard scale of temperature. A number of “ fixed points 
(melting points of different substances, etc.) have been determined 
accurately on this scale, and the gas thermometer described later 
gives a scale which fits the standard scale fairly closely. This is 
discussed later ; all that is needed at present is the knowledge that 
such a standard scale exists. Now, according to this standard 
scale, not one of the properties listed on p. 3 increases uniformly 
as the temperature increases. This means that, except at the ice 
point and the steam point, at which all scales must agree, no actual 
scale of temperature can agree with the standard scale. The same 
difficulty is made evident, without the background of the absolute 
scale, if a mercury thermometer is used to measure the change of 
resivStance of a piece of metal with? temperature, or the variation of 
the saturated vapour pressure of a liquid with temperature ; it is 
found that, when temperatures are measured on the scale of the 
mercury thermometer, equal changes in temperature do not lead 
to equal changes in resistance or of saturated vapour pressure. 
Similarly, a resistance thermometer, or a vapour-pressure thermo- 
meter, used to examine the expansion of mercury, would show that 
when the temperature is measured on the resistance (or vapour- 
pressure) scale, equal rises in temperature do not cause equal increases 
in the volume of mercury contained in a glass vessel. Thus, equal 
ranges of temperature on the mercury thermometer scale are not 
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represented by equal ranges of temperature on the resistance or 
vapour-pressure scales, and the scales cannot agree except at the 
fixed points, ^here is no question of one of these arbitrarily selected 
scales being “ right ” and the others “ wrong ”, for each scale is 
quite consistent in itself. All scales of temperature must necessarily 
agree at the ice point and the steam point. 

THERMOMETERS 

Mercury-in-glass thermometer. The choice of a suitable glass is 
just as important as the choice of a suitable liquid for a liquid-in- 
glass thermometer. Mercury is easily visible, expands considerably, 
expands fairly regularly according to the standard scale, and enables 
a wide range of temperatures to be measured, as its melting point 
is about -- 39° C. and its normal boiling point about 357° C. The 
glasses used for mercury thermometers for accurate work are 
specially made for the purpose, named types for which data appear 
in Kaye and Laby’s ‘‘ Tables ” being the French verre dur, Jena 16'", 
Jena 59"' ; most of them carry one or more coloured stripes so 
that they may be identified. The part played by the glass can be 
seen from the fact that at 300° C. the readings of a Jena 16'" and 
a Jena“ 59'" thermometer differ by more than 2° C. It should be 
|added that mercury thermometers are not nowadays used when 
|high accuracy is required. 

The mercury is contained in a thin- walled glass bulb of suitable size 
attached to a uniform capillary tube, which is sealed at the other 
end. The space above the liquid is usually (not always) evacuated. 

The quantity X which is observed is the length of the mercury 
column above the bulb. Equ^ changes in length denote equal 
changes in temperature on the mercury-in-glass scale. Let Iq be 
the length at the ice point, ^loo length at the- steam point, and 
1^ the length at ^° C. Then, as on p. 4, 

^ h ~~ ^0 

100 i^ioo ^0 

and the temperature f C. on the mercury -in-glass thermometer 
scale is , , 

Each type of glass gives its own scale differing slightly from all the 
others, while as the behaviour of a given specimen of glass at any 
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Fig. 1. — Graph of boiling point of water against pressure. 

time depends to some extent on its previous treatment, it is probably 
correct to say that each instrument has an individual scale of its 
own. 

A thermometer is graduated by marking on the stem the positions 
of the mercury levels at the ice point and the steam point, and 
dividing the portion of the stem between these marks into a hundred 
equal divisions. The follovting experiment with an ungraduated 
thermometer adds a little interest to the routine operation of 
determining the fixed points, and illustrates simply the basic 
principle underlying the use of the instrument. 

To find the temperature of the room using an ungraduated mercury 
thermometer, (a) The ice point reading* A large funnel is filled 
with chips of pure ice moistened with distilled water. The thermo- 
meter is hold upright with the bulb immersed in the mixture, so that 
the steady level of the mercury is just visible. After about ten 
minutes the level of the top of the mercury column is marked by 
means of a piece of adhesive paper. The thermometer is removed, 
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and the distance of the paper from the bottom of the bulb (a more 
convenient reference point than the bottom of the stem — since the 
lengths are sut)tracted the actual choice of reference point does 
not matter) is measured ; this is Zq. Small changes in the baro- 
metric pressure cause no appreciable change in the ice point, and 
pure ice is readily obtained. 

(b) The steam point reading. The three important points are 
(1) the bulb of the thermometer must be immersed in steam, not 
boiling water ; the reason for this is that, whether the original 
water is pure or not, a thermometer in the vapour, on which some 
pure liquid has in any case condensed, registers the equilibrium 
temperature betw^een pure water and its vapour ; (2) the whole 
thermometer stem is immersed in the steam, so that the mercury 
thread is just visible ; (3) the barometer must be read carefully, 
since a pressure change of 1 cm. of mercury causes about 0*4 centi- 
grade degrees change in the boiling point at 100° C. (Fig. 1). 

The thermometer is placed in a hypsometer (Fig. 2), in which the 
bulb and stem are surrounded with a double jacket of steam when 
the water in A is boiled. The pressure gauge at the side shows 
whether the pressure inside the apparatus is that of the atmosphere. 
The thermometer is left for about ten minutes in the steam, and the 
position of the top of the mercury column marked as before. The 
length of the mercury column is then measured. The barometer 
is read, and the true value of the boiling 
point for this pressure obtained from the 
graph of Fig. 1. Suppose the barometric 
pressure to be 750 mm. of mercury. The 
corresponding boiling point is 99*6° C. If 
ithe thermometer were being per^ianently 
jgraduated, the correct position * of the 
100° C. mark would be found by propor- 
tion, /since ~ ^0 * ^ 99*6 ^0 ~ 100 I 99*6 j as 
this is not actually needed, we can in the 
jfinal calculation simply say that Zgg.g-Zo 
borresponds to a temperature interval of 
P9*6 centigrade degrees. 

! (c) The air temperature reading. It is not 
as easy as it would seem to take the tem- 
perature of the air, for it is essential that Fig. 2. —-Hypsometer. 
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the thermometer should reach the temperature of the air, and it is 
not possible to tell with certainty when this has happened. Some 
long time should be allowed, and it is usually recommended that 
the thermometer be waved about, or that a current of air should 
be drawn past it, during this time. When the level of the mercury 
is steady, the position of the top of the column is noted, and the 
length If. of the thread is measured. 

For the calculation, using the figure for the boiling point actually 


found. 


99*6 ' 


h ~h 


and ^ = 99*6 




1 1. 7 , 

‘' 39*6 *^0 *'« i *'0 


4 

\ 


on the scale of this particular mercury thermometer, \ 

Errors of the mercury thermometer. The following a summary 
of the chief sources of error which have to be corrected fdf in accurate 
work. For further details, see a standard treatise, such as Preston’s 
“ Theory of Heat ”, 3rd Edn., pp. 113-125. 

1. Lack of uniformity of the bore of the capillary. The thermo- 
meter (if of the solid stem type) may be calibrated by detaching a 
thread of mercury and measuring the number of degree divisions 
it occupies at different parts of the tube. 

2. Error in marking the fixed points. This of course affects read- 
ings at all points on the scale, and once the error of the fixed point 
markings has been found it is simple to construct a correction graph. 

3. Change of zero. Glass contracts slowly after heating, and for 
years after the making of the thermometer the bulb continues tc 
contract slightly ; this causes a gradual creep upwards of the zero 
mark. Also, if the ice point is determined immediately after the 
thermometer has been used at a high temperature, failure of the 
bulb to contract completely at once causes the zero reading to be 
too low. This depression of the zero is an important error ir 
Continental thermometers, since the practice abroad is to determine 
the ice point after the steam point, so that the 0° C. graduation ii 
really “ depressed ”. The depression under this treatment fo] 
Jena 16'” and other modem glasses is as much as 0*04®. In use 
the custom is to redetermine the zero afresh immediately after i 
temperature has been observed. But this trouble is unnecessarj 
for a thermometer which has been calibrated at the Nationa 
Physical Laboratory. 

4. Internal pressure. A vertical column of mercury 25 cm. lonj 
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E a pressure of about one third of an atmosphere, approximately 
q. in. Ttiis is about the length of the thread of a thermometer 
g a high temperature. Hence, when the thermometer is 
\rertical there may be a very considerable pressure distending the 
bulb slightly ; when it is horizontal, this pressure is absent, so the 
reading will be higher. 

5. External pressure. When the bulb is immersed below the 
surface of a liquid there is a hydrostatic pressure tending to make 
the bulb contract, and the reading too high. Changes in the atmo- 
spheric pressure are also sufficient to cause an appreciable error of 
the same kind. 

6. Emergent column error. The fixed points are determined 
with the mercury-filled portion of the stem at the same temperature 
as the bulb, and the thermometer should really be used in this way, 
but this is not always possible. If the bulb only is heated, the 
mercury in the stem is at air temperature, and the reading (if above 
air temperature) is therefore too low. The correction to be added 
is then 0*00016n(< -t^) centigrade degrees, where n is the length of 
the exposed column in degrees, t the indicated temperature of the 
bulb, and t^ the mean temperature of the exposed column, which 
usually cannot be ascertained very accurately. 

I Range of liquid-in-glass thermometers. Mercury freezes at about 
|~39®C. and boils at 357° C. under normal pressure, so that the 
|range of an ordinary mercury thermometer is between its freezing 
Ipoint and about 300° C. If the space above the mercury is filled 
hvith nitrogen, or some other inactive gas, the pressure of the gas, 
[when both compressed by the rising mercury thread and heated, 
[raises the boiling point, and such a thermometer can be used for 
Itemperatures considerably above the normal boiling point of 
mercury, in fact up to 500° C. Kohlrausch gives 800° C. as an upper 
limit for mercury in quartz. Alcohol (b.p. 78° C.) may be used in 
{thermometers between 60° C. and ~ 130° C., liquid pentane dowm to 
] ~ 200° C. Alcohol thermometers and others, the range of which 
|does not embrace both the ice point and the steam point, must be 
^aduated by comparison with a mercury, or other, thermometer. 

I Clinical thermometer. This instrument (Fig. 3) used for deter- 
[mining the temperature of the human body, has a short, very fine, 
capillary tube, constricted with a slight kink close to the junction 
of stem and bulb. When the bulb is put in the mouth or armpit, 

K.H. B 
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Fig. 3. — Clinical thermometer. 


the expanding mercury forces its way past the constriction, but 
when the bulb is removed the contracting mercury does not pull 
the thread back, so it is left in the stem recording the highest 
temperature reached ; it is reset by shaking the thre^ down. The 
normal temperature of the human body is said tp be 984® F. ; 
actually it varies from 97*5® to 98*5®. The scale is graduated from 
95® F. to 110® F. The front is usually shaped to aci as a lens, so 
that the fine thread is observed as a wide ribbon wheh the eye is in 
the right position. The thermometer must be left iri, position for 
some time, half a minute to two minutes according to the make of 
instrument, in order to reach the temperature of the body. 



T\/ TairiTnum and minimum thermometers. (1) Rutherford’s. Two 
separate thermometers are used, mounted on the same stand 
(Fig. 4). ^ A mercury thermometer records the maximum tempera- 
ture reached in the interval since the previous setting. A small iron 
index m is pushed forward by the mercury surface when the mercury 
expands, and is left in position when the thread recedes. It is reset 
by a magnet. The minimum thermometer contains alcohol ; inside 
the thread is a small glass index a. When the alcohol expands, 
it flows past the index ; when the temperature falls and the thread 
moves back, the alcohol surface on meeting the index pulls it back 
by surface tension. The index is reset by tilting the thermometer 
slightly, when it slides along to the surface. In both thermometers, 
it is the end of the index directed towards the surface of the liquid 
which marks the required temperature. 

(2) Six’s self-registering thermometer (Fig. 5). The thermometer 
bulb proper, 4, contains alcohol or some other suitable liquid ; BC it 
a thread of mercury ; above C there is more alcohol, which also partly 
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ills the bulb D. Above the surface of 
;he mercury at both B and C is a light 
iteel index (shown enlarged at the 
dde) witli a spring to prevent slipping. 
When the alcohol in A expands, the 
thread BG is pushed round, sending 
the index above G upwards, and leaving 
that above B in position ; when the 
alcohol in A contracts, the thread BG is 
drawn back, leaving the G index record- 
ing the maximum temperature reached. 
The B index similarly records the mini- 
mum temperature. To reset, each index 
is drawn down by a magnet. 

Constant Volume Gas Thermometer. 
Consider a fixed mass of gas maintained 
at constant volume, in a vessel fitted 
with means of measuring the pressure. 
Let Pq and be the pressures at the 
^ce point and steam point respectively, 
^nd Pi the pressure at some unknown 
|bemperature t °C. Let us state that 
fequal changes in pressure denote equal 
changes in temperature. Then 




Fig. 5. — Six’s maximum-and- 
minimum thermometer. 


t Pt-Po 
100 Piw-Po 


and 


< = 100 “C. 

i^ioo 


on the constant volume gas thermometer scale of the particular 
gas used. • 

It is not necessary here to discuss the behaviour of individual 
gases or of an ideal gas. It does happen that the so-called perma- 
nent gases behave in such a way that equal changes of temperature 
measured on the absolute thermodynamic scale cause very nearly 
equal increases in pressure, and this was a reason for choosing the 
constant volume gas thermometer as a practical standard. But it 
is best to put these ideas aside for the moment, as they may tend 
to confuse the main point, which is that the constant volume gas scale 
is based on the statement that equal dumges of pressure shall denote 
equal changes of temperature. 
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Jolly’s Constant Volume Air Ther- 
mometer. Determination of the boil- 
ing point of brine on the constant 
volume air thermometer scale. Jolly’s 
constant volume air thermometer 
(Fig. 6) consists of a glass bulb of 
about 100 c.c. capacity, containing 
dry air, connected by a fine glass 
capillary tube and rubber (pressure 
tubing to a movable mmometer 
reservoir. A fixed mark X\on the 
capillary is the “ constant volume ” 
mark. The vertical height of the 
level Y in the open limb above 
X is called the “ head ”, h. The 
total pressure of the gas in the bulb 
is then (H +A), where H is the atmospheric pressure, all pressures 
being measured in centimetres of mercury. 

First read the barometer to determine H, Then immerse the 
bulb in a vessel containing ice and distilled water; after leaving 
for at least ten minutes level the mercury at X, measure the head Aq, 
and record the total pressure po = + K)* Next, immerse the bulb 

in a vessel of boiling water. Strictly, the bulb should be immersed 
in steam, and the true temperature of the steam obtained as on 
p. 7 ; but in this exercise the temperature of the boiling water 
is taken as the steam point. After at least ten minutes, level the 
mercury at X, measure the head check the barometer reading, 
and record the total pressure Pioo = ('fi^+^oo)* Before removing 
the bulb from the boiling water, lower the reservoir as far as possible, 
to prevent mercury being sucked into the bulb as it cools. Finally, 
place the bulb in a vessel of boiling brine. After at least ten 
minutes, measure the head A^, check the barometer reading, and 
record the total pressure Pi = {H+A^). The boiling point of brine 
is given by the equation 

Pm “^Po 

on the constant volume air thermometer scale. 

Apart from the rough-and-ready steam point, there are several 
defects in this experiment. First, the air is not maintained at 



Fig. 6. — Constant volume air 
thermometer. 
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constant volume, for the glass bulb expands appreciably. Also, 
the air in the capillary tube is practically at room temperature. 
It is possible to allow for the expansion of the glass if we know 
exactly {a) how much the glass expands, and (6) what effect this has 
on the pressure ; the emergent column ” error of the capillary is 
harder to allow for, but could be reduced by making the capillary 
very narrow and the bulb much larger. It is a nuisance to have 
to read the barometer every time an observation is made. 

Constant Volume Gas Thermometer as a standard. The Kelvin 
Absolute Thermodynamic Scale has been adopted by international 
agreement as the standard scale. Unfortunately no instrument can 
be made to realise this exactly. In 1887, the International Com- 
mittee of Weights and Measures decided to adopt as a practical 
standard the centigrade scale of a constant volume hydrogen 
thermometer, the fixed points being the ice point and the steam 
point, and the pressure of the hydrogen at 0° C. being equal to 
one metre of mercury. In. principle, any gas the behaviour 
of which has been determined would do as well as hydrogen ; 
helium is employed at low temperatures and nitrogen at high 
temperatures. 

A constant volume gas thermometer is most inconvenient to use, 
and mercury thermomeWs, resistance thermometers, thermo- 
couples, etc., are the actual Instruments employed. But we do not 
express the readings of each instrument in terms of its own natural 
scale. • The instrument is compared with the gas thermometer, and 
either it is calibrated to read constant volume hydrogen scale 
temperatures directly, or else conversion formulae to enable these 
temperatures to be deduced from readings on its own scale are 
calculated. Further corrections, obtained from a knowledge of the 
behaviour of the gas are needed* to convert constant volume gas 
temperatures to absolute thermodynamic temperatures. 

This seems a lengthy chain of operations, and recent progress has 
enabled a number of “ fixed points ’’ to be determined as accurately 
on the thermodynamic scale as present knowledge permits. These 
fixed points constitute the International Temperature Scale (p. 23). 
The real object of this step, taken in 1927, is to save tedious repetition 
of readings of the constant volume gas thermometer. 

One important consideration in the original choice of the constant 
volume hydrogen thermometer as a standard is the ease with which 
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it can be reproduced. Pure materials are easily obtainable, and 
the instrument is made to standard specifications. The second 
consideration is the small disagreement between the constant 
volume hydrogen scale and the absolute thermodynamic scale. 
Thirdly, the scale can be realised over a wide range of temperature, 
from - 200° C. to 500° C. with hydrogen itself. 



Fig. 7. — Sc heme of standard constant volume hydrogen thermometer. 

In the original standard hydrogen thermometer of Chappuis 
(Fig. 7), the bulb T is a cylinder of platinum -iridium, of length 
110 cm., and volume one lit®©, communicating by a narrow tube to 
the manometer. The expansion of T is calculated and allowed for, 
and the fraction of the total gas in the communicating tube is small, 
so that two of the chief defects of the simple gas thermometer are 
overcome. The constant volume mark is a small pointer inside 
the manometer tube. The manometer incorporates a barometer, 
the glass tube of which is jfree to move vertically, carrying a vernier 
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which moves over a scale. There is a small pointer P 2 inside the 
‘‘ Torricellian vjicuum ” space of the barometer, and the level of 
the mercury is brought to coincide with this. To measure the 
pressure, 'the reservoir R is first moved to adjust the mercuiy to 
then the barometer is raised or lowered until pg jnst touches its 
mercury surface (this upsets the first adjustment slightly, and there 
is a fine adjustment ”, not shown, to allow for it). The vertical 
distance between pg ^-nd pi gives the total pressure {H + h) of the 
gas, as is easily seen from the figure, for the pressure at the level A 
is atmospheric. 

Above 500° C. hydrogen diffuses through platinum and attacks 
glass or porcelain ; for higher temperatures, up to 1500° C., nitrogen 
(the constant volume nitrogen scale) is used instead. This sub- 
stitution means that slightly different corrections are applied ta 
obtain the absolute thermodynamic temperatures from the readings. 
The accuracy at 1500° C. is to within 2°, while between the fixed 
points the readings are accurate to 0*005°. 

Platinum resistance thermometer. The resistance of pure metals 
increases as the temperature rises. Callendar showed that the 
resistance of a piece of pure platinum varies with the gas thermo- 
meter temperature B according to the formula R = Rq( 1 ocB + ^6^), 
where jBq and R are the resistances at 0° C. and 0° C., and a and jS 
are constants for the particular specimen used. 

Now, on the platinum resistance scale of temperature, we say that 
equal changes in resistance denote equal changes in temperature. 
If Rq and resistances at the ice point and the steam point 

respectively, and R^ the resistance at C., then 


100 -Bioo "■ ^0 


and».<„ = 100 °C. 

^100 "■ ^0 


on the platinum resistance scale. This differs appreciably from 
the gas thermometer reading for the same temperatime. Callendar 
shov/ed that the difference between the gas thermometer tempera- 
ture 6 and the platinum resistance temperature is represented 
over a wide range by the formula 




e -<,=8 



where 8 is a constant for the particular specimen of wire, which 
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may be obtained from a single observation at the 
boiling point of sulphur, for which B is accurately 
known. 

Fig. 8 shows the platinum resistance thermo- 
meter. The wire is wound doubled on itself (non- 
inductively) on a fiat strip of mica which is enclosed 
in a tube of hard glass or glazed porcelain. The 
tube is either evacuated or filled with dry air. 
The leads are of copper (for use up tb 700® C.), 
or platinum (for higher temperatures). \ 

A modified Wheatstone’s Bridge, called Callendar 
and Griffiths* Bridge, is used for measuring the 
resistance. In this, the ratio arms (Fig. 9) and 
i ?2 are equal. The thermometer of resistance T 
with leads of resistance I is connected in the third 
arm, and the fourth arm contains a known resist- 
ance B, in series with a pair of dummy leads 
exactly similar to those going to the thermometer 
itself, but connected together at the far end, which 
run alongside the actual leads so that they undergo 
the same change in temperature and therefore the 
same change in resistance. Between these arms 
is a uniform resistance wire, of resistance p ohms 
per centimetre ; a sliding contact of the usual 
kind is moved along this wire (FF in the figure), 
until there is no deflection in the galvanometer. 
Then, as B^ = J? 2 , calling FD =x and DF = 

B -hi + = + 

^ T -B + ix-yip. 

The platinum thermometer has a wide rpmge, 
from - 200® C. to 1000° C. It is extremely 
accurate over the whole of this range. Its chief 
disadvantage is the long time needed for it to take 
up the temperature of the surroundings, and time 
required for making an observation, so that it 
cannot follow rapidly changing temperatures. 
The time lag is reduced in some low-temperature types by using 
a silver case filled with dry air. 


Fig. 8. — ^Platinum 
resistance thermo- 
meter. 
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A high precision Wheatstone Bridge 
\ was designed hy F. E. Smith for the 
accurate measurement of temperatures 
with platinum resistance thermometers. 

The connections are so arranged that 
leads resistance may be eliminated during ^ 
tests. Instead of the bridge-wire, a series r 
of 30 shunted coils is employed. This 
arrangement ensures permanency of cali- 
bration and gives greater precision and 
facility than the slide- wire method. The 
bridge coils are immersed in oil, which 
is circulated by means of a stirrer. If 
a suitable thermometer is used and the 
necessary precautions are taken, readings 
may be made with this bridge to within 

±0*002® C. over a range of -200® to - 

_i_ Ann® — Callendar and 

Griffiths’ Bridge. 

It is possible to construct recording 
instruments, in which any deflection of the galvanometer pointer 
causes automatic adjustment of the slide- wire of a Callendar and 
Griffiths’ bridge, and a simultaneous movement of the recording 
pen across a chart. 

Thermoelectric thermometers. When a closed circuit made of 
two dissimilar metals or alloys has the two junctions (Fig. 10 a) 


. Cote/ 
junction 


< Cold ^ 

* Junctiofi 


Hot — current 
junction 

(a) Thermocouple. 



Hot 

Junction 


(h) Thermocouple and galvanometer. 


Cold Junction Indicator 


Tliermooouple 


Compensating 

extension 


(c) Practical thermoelectric thermometer for high temperatures. 
Fig. 10. 
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maintained at different temperatures, a current flows in the circuit. 
This arrangement is called a thermocouple. The sizo and direction 
of the current for a given pair of wires depends on the nature of the 
metals and the temperatures of the junctions. If one junction is 
maintained at a steady temperature, say 0° C., the temperature of 
the other may be estimated from the reading of a galvanometer G 
included in the circuit (Fig. 10 6). This is the basis of many 


commercial instruments, particularly those designee 

continuous records of tei 



to give 
perature. 
itisfactory 


In theory, it is more 
to measure the electromotive force 
(e.m.f.) developed, instead of the 
current this causes, because the 
E.M.F. depends only on the temper- 
atures for two given materials, 
while the current depends on the 
total resistance of the circuit, 
which alters considerably as the 
temperature changes. In the 
laboratory, the e.m.f. would be 
measured by a potentiometer ; in 
industrial instruments, a high-re- 
sistance millivoltmeter is used. It is 
not usual to employ a thermo- 
couple scale ”, with equal incre- 
ments in E.M.F. denoting equal 
temperature changes. The thermo- 
couple is calibrated using several 
,fl*xed temperatures, or an agreed 
formula to determine the tempera- 
ture from the e.m.f. is used. 

Fig. 11 shows the simplest possible potentiometer circuit set 
up. The resistances may of course have any suitable values, but 
the following simple figures show the principle. A 2- volt accumu- 
lator gives a steady current through a resistance of 99 ohms, 
in series with a uniform metre resistance wire BC of resistance 
1 ohm. The potential difference between A and J5 is 1*98 volts, 
and that between B and C is 0*02 volt, so that the potential drop 
down each centimetre of BO ia 0-0002 volt. One connection of 


An industrial thermoelectric pyr- 
ometer in use. The thermocouple 
is of the base -metal type, and the 
circuit that of Fig. 10 (c). 

By eourtetiy of the Foster Instrvinent 
Co., Ltd. 



COMMON THERMO-ELECTRIC COUPLES 

the thermocouple goes to -B, and 
the other is joined to the sensi- 
tive galvanometer G, and the 
circuit is completed by a sliding 
contact D which can move along 
BC, When D is in such a 
position that no current flows 
through G, the potential differ- 
ence between B and D down 
the wire must just balance the 
E.M.F. of the thermocouple. The 
distance BD is then measured 
thermocouple is I x 0*0002 volt. 
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Fig. 11. — Simple potentiometer 
circuit. 


If this is I cm., the e.m.f. of the 
A circuit of this type suffices for 
rough work only ; for accurate w’^ork a more complicated circuit 
incorporating a standard cell* is needed. 

The combinations chiefly used in practice, the e.m.f. when one 
junction is at 0° C. and the other at 100° C., and the maximum 
temperature at which the hot junction may be kept (much above 
the maximum temperature for continuous use) are given below : 

Platinum with platinum-rhodium (an alloy usually containing 13 per 
3ent. of rhodium), 0*65 millivolts (thousandths of a volt), 1600° C. 

“ Chromel ’* with “ alumel ** (two alloys known by these trade 
lames), 4*1 millivolts, 1260° C. 

Iron with “ constantan ’’ (a copper-nickel alloy used for making 
resistances), 5*3 milHvolts, 1090° C. 

Copper with constantan and antimony with bismuth couples are used 
n the laboratory for limited ranges of temperature ; the e.m.f. of 
/he first is a little less, and of the second two or three times greater, 
han that of the iron-constantan couple. 

Platinum with platinum-iridium (do per cent. Pt, 10 per cent, Ir) 
s used up to about 1000° C., above which the iridium tends to 
"olatilise. 

In constructing a high-temperature thermometer (or p 3 rrometer) 
ising thermocouples, three considerations are important. First, 
he total resistance of the circuit must be made so high that chance 
emperature variations of resistance cannot affect the millivoltmeter 
eading appreciably ; secondly, some means of keeping the cold 
unction at a steady temperature must be found — ^this may be done 
y using “ extensions ” made of materials which are thermo- 
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electrically the same as the materials of the couple, so that the cold 
junction is effectively close to the galvanometer ; thirdly, the 
elements of the thermocouple must be protected from contamination 
by the use of suitable sheaths of metal or refractory material. The 
problems are somewhat different for rare metal thermocouples, which 
on groimds of expense are made of thin wires, and ba^e metal 
thermocouples, which use wires or concentric tubes of any convenient 
thickness. The former have a higher resistance, a larger tempera- 
ture variation of resistance, and a smaller e.m.f. 

Fig. 10 (c) shows the scheme adopted in the thOTmoelectric 
pyrometers made by the Foster Instrument Co., Ltd. ; ther* ballast ’’ 
resistance is included to make the total resistance of ^he circuit 
high enough. \ 

Figures, kindly supplied by this firm, are contrasted below for 
a typical example of a rare metal* thermocouple p3Tometer of 
platinum with platinum-rhodium and a base metal outfit of chromel 
with alumel : 

Bare Metal, Base MetaL 

Bresistance of thermocouple stem when 

cold 2 ohms. 0* 1 olim. 

Probable variation of thermocouple re- 
sistance due to insertion to different 
depths and into furnaces at different 

temperatures 1 ohm, 001 ohm. 

Resistance of copper cable - - - 1 ohm. 0*25 ohm. 

Resistance of copper coil in indicating 

millivoltmeter - - - - - 24 ohms. 2 ohms. 

Probable change in resistance of cable 
and coil due to change in atmospheric 

temperature - .... 1 ohm. 0 09 ohm. 

Therefore probable total change in cir- 
cuit resistance - - - . ^ . 2 ohms. Od ohm. 

Minimum total resistance by addition of 
ballast in order that above change in 
resistance does not exceed 1 % of the 

total resistance - . - . 200 ohms. 10 ohms. 

E.M.F. of thermocouple at 1000® C. - 10 millivolts. 40 millivolts. 

Current flowing in moving coil of indi- 
cating millivoltmeter, generating the 
operating force, in milliamperos (thou- 
sandths of an ampere) at 1000 ®C. - = 0*05 m.a. *}^ = 4 m.a. 

The rare-metal couple clearly needs a millivoltmeter eight times as 
sensitive, and therefore less robust, than the other, for corresponding 
accuracy in temperature indications. 
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Sheathing is also a difficulty with the platinum alloy couples, since 
the sheath mu^t not only prevent contamination by furnace gases, 
but must also be at the same time stout enough to afford mechanical 
support and thin enough to prevent undue lag in following changing 
temperatures. 1400® C. is the highest temperature such pyrometers 
can be used for, since although the coujple is effective up to 1600® C., 
no sheathing material which is satisfactory above 1400® C. has been 
found. 

The electrical instrument is, in every case, graduated to read the 
temperature directly in degrees ; by causing the pointer to mark a 
rotating drum, continuous records are obtainable. 


OTHER METHODS OF MEASURING TEMPERATURE . 

(a) Merciuy. in-steel thermometers. The expansion of the mer- 
cury operates a gauge of the Bourdon type — a flat spiral made of 
hollow tubing of elliptical cross-section, which tends to straighten 
under pressure, like the paper ‘‘ blow-out ’’ toys which work on the 
same principle — showing a pointer moving over a graduated dial, 
or an inked pen for a permanent record. Fig. 12 illustrates a 
recording thermometer of this type. The range is ~ 40® C. to 
600° C., and the readings can be transmitted up to 120 feet. 

(b) Vapour pressure thermometers, (i) Indtistrial recording ther- 
mometers similar in action to the mercury in steel type, using 
suitable organic liquids at low temperatures and mercury for higher 
temperatures, the vapour pressure operating the Bourdon gauge, 
are made. The range of any one thermometer is narrow, but they 
are very sensitive, (ii) At very low temperatureSy in the neighbour- 
hood of the normal boiling points of the permanent gases, the vapour 
bressure of a liquefied gas is the property used to estimate the 
^temperature. At very low teniperatures indeed, the vapour 
bressure of helium is used ; the pressure is measured by a suitable 
^anometer (which is usually a vacuum gauge at very low tempera- 
tures), and no actual “ thermometer apart from this is used. 
[The temperature on the absolute thermodynamic scale is obtained 
|from the formula connecting vapour pressure and temperature. 

I (c) Radiation and optical pyrometry, for very high temperatures, 
poth these methods apply, in different ways, accurate quantitative 
bbservations of the well-known facts that as the temperature of a 
kery hot body rises, it glows more brightly (the basis of “ radiation 
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Fio. 12. — Recording morenry- in -steel thermometer. 
By ourtesy of the Cambridge Instrumen* Co.^ Ltd. 


pyrometers ”) and also changes in colour, from a dull red at about 
600® C., through orange at about 1100® C., to white, from 1400® C. 
upwards (the basis of “ optical pyrometry **), A knowledge of 
the laws of radiation is needed before the action of these instruments 
can be explained at all, and a full account is given in Chapter IX. 

(d) Magnetic thermometiy. The magnetic susceptibility of 
paramagnetic substances varies wth the temperature, and this 
method has been used at the lowest extremes of temperature. There 
is some dif&culty about relating the susceptibility scale, called the 
Curie Scale, to the absolute thermodynamic scale at these low 
temperatures, and readings are often expressed simply on the Curie 
Scale. 

(e) Bimetallic thermometers, chiefly used as recording instruments, 
are described on p. 98. 



INTERNATIONAL FIXED POINTS 
THE INTERNATIONAL TEMPERATURE SCALE 
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The fundamfintal scale of temperature is the absolute thermo- 
dynamic centigrade scale, with the ice point and steam point as 
0° C. and 100® C. respectively. The scale of the helium gas thermo- 
meter is the nearest approach to this scale. In 1927, the Interna- 
tional Committee of Weights and Measures agreed upon a scale 
which is as close to the absolute thermod 3 mamic scale as present 
knowledge permits. 

The problem in devising a scale is two-fold. First, reproducible 
fixed points must bo agreed upon ; and secondly, the means of 
interpolating temperatures between the fixed points (that is, 
suitable thermometers) must be prescribed. 

The international fixed points are the following equilibrium 
temperatures, all under a pressure of one standard atmosphere. 
The symbol t is here used for temperatures on this scale. 


Equilibrium between liquid and gaseous oxygen 
(Oxygen Point) 

^3, = ^760 + 0 0 126 (p ~ 760) - 0-0000065 (p - 760)* 
Equilibrium between solid and gaseous carbon dioxide 
= <760 + 0-01595 (p- 760) -0-0000111 (p- 760)2 
Freezing mercury 

Equilibrium between ice and air-saturated water 
at normal atmospheric pressure (Ice Point) 
Transition of sodium sulphate - . - - - 

Equilibrium between liquid water and its vapour at the 
pressure of one standard atmosphere (Steam Point) 
= <760 + 0-0367 (p - 760) - 0-000023 (p - 760)^ 
Condensing naphthalene vapour .... 

<P = <760 + 0-058 (p-760) 

Freezing tin 

Condensing benzophenone vapour 
<3, = <760 + 0-063 (p-760) • ^ 

Freezing cadmium - - - 

Freezing lead 

Freezing zinc - - - - - * • . 

Equilibrium between liquid sulphur and it 
vapour at the pressure of one standard atmo 
sphere (Sulphur Point) 

<P = <760 + 0-0909 (p - 760) - 0-000048 (p - 760)* 

Freezing antimony 

Freezing silver (SUver Point) . - - . 

Freezing gold (Gold Point) - - - - 

Freezing copper in a reducing atmosphere 

Freezing palladium - 

Melting tungsten 


- 182-97° C. 

- 78-5° C. 

- 38-87° C. 

0-000° c. 

32-38° C. 

100-000° C. 

217-96° C. 

231-85° C. ^ 
305-9° C. 

320-9° C. 
327-3° C. 
419-45° C. 


444-60° C. 

630-5° C. 
960-5° C. 
1063° C. 
1083° C. 
1555° C. 
3400° C. 
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Thc^ temperature tj, for a particular equilibrium at a pressure of 
p mm. mercury is deduced from the formulae given, being the 
temperature at standard pressure. The named temperatures 
(Oxygen, Ice, Steam, Sulphur, Silver, and Gold Points) are the 
primary standard temperatures. 

The thermometers specified are : 

(а) from the ice point to 660® C. : the platinum resistance thermo- 
meter using the formula R^ — Rq(\ -¥ at -\-bt^), where the constants 
i?o, a, and b are determined from observations at the ^ce, steam, 
and sulphur points. 

(б) /rom - 190° C. to the ice point : platinum resistancJe thermo- 
meter, using the formula = +af +6^* +c(f - 100)i®}, where 
the four constants i?o, a, 6, and c, are found using the tl^e fixed 
points above, together with the oxygen point. 

(c) 660° C. to the gold point : measurement of the e.m.f. of a 
platinum - platinum -rhodium thermocouple, with one junction 
at 0° C., while the temperature of the other is defined by the equation 
E=a + 6<+c^2, where E is the e.m.f. and a, 6, c are constants. 

(d) above the gold point : the intensity of radiation of ..a given 
wave-length from a black body at f° C. is compared with the 
intensity of the same radiation from a black body at the gold point. 

It should be noted that there is no standard platinuip resistance 
thermometer, since the behaviour of different samples varies. 

Since 1927, the boiling points of nitrogen, neon, hydrogen, and 
helium have been determined on the thermodynamic scale with 
sufficient certainty for their use as fixed points in very low tempera- 
ture work. A further account of the measurement of low tempera- 
tures is given on pp. 324 and 325. 

Names and symbols. Absolute zero. The word “ absolute means 
“ real, not merely relative or comparative ”, and when applied to 
temperature measurements the term “ absolute scale ” should mean 
the one scale (that is, system of measurement) which is quite inde- 
pendent of the properties of any one particular substance. This 
is its strict meaning, and though th^term is commonly used in 
another sense it should be clear that we cannot confer the attribute 
of absoluteness upon temperatures measured on some arbitrary 
system simply by adding 273 or any other number, for this merely 
changes the names of the temperatures without in any way altering 
the fact that they have been allotted in an arl)itrary way to begin with. 
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Tbe word “ centigrade ” refers to the naming of the ice point 
as 0® and the stfsam point as 100°. The same notation is employed 
for various scales. For example, we speak of a temperature of 
60° C. on the mercury -in-glass scale, or a temperature of 50° C. on 
the platinum-resistance scale, or a temperature of 50° C. on the con- 
stant volume gas scale, or a temperature of 50° C. on the absolute 
thermodynamic scale. This last point is important ; here is a 
temperature stated in the centigrade notation and measured on the 
absolute thermodynamic system. 

The symbol chiefly used in this book, except for one section of 
Chapter VII, to denote a temperature on any scale using the 
centigrade notation is 0^ C, Usually it will be assumed that this 
refers to the absolute thermodynamic centigrade scale, and that 
the thermometers concerned have been calibrated to give readings 
on this scale ; if any particular arbitrary scale is used this will be 
stated. The symbol C. may also be used where there is no need 
to reserve the English letter to denote time. 

It will be seen later that there is an absolute zero of temperature, 
that is, a true and not arbitrarily chosen zero in the same sense that 
the pressure in a perfect vacuum is the absolute zero of pressure. 
The temperature of the absolute zero on the absolute thermo- 
dynamic centigrade scale is “273-2° C. to the nearest 1/10°. On 
the constant volume hydrogen centigrade scale this temperature is 
-273 03° C. 

For many purposes it is convenient to measure temperatures 
upwards from absolute zero. The ice point is then 273-2° on the 
absolute thermodynamic centigrade scale starting at absolute zero, 
and the steam point is 373-2° on the absolute thermod 3 mamic 
centigrade scale starting at absolute zero. The terms ‘‘ absolute 
scde ” and “ absolute temperature ’’ are used to indicate tempera- 
tites measured on the absolute thermodynamic scale starting at 
absolute zero. The names “ Kelvin scale ’’ and “ temperature in 
degrees Kelvin ” are used to remove the slight ambiguity mentioned 
below. The symbol T° K. is used to denote a temperature on this 
scale ; to convert a temperature 0° C. on the absolute thermodynamic 
centigrade scale to its value on the Kelvin scale, the relation Is 
+ 273-2)° K. 

On the constant volume hydrogen centigrade scale the tempera- 
ture of the absolute zero is -273-03° C. Thus, on the constant 

N.H. 
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Tolume hydrogen scale starting at absolute zero the temperature of 
the ice point is 273*03®, and the temperature of the steam point is 
373*03®. The terms “ absolute scale ” and “ absolute temperature ” 
are used to indicate temperatures measured in this way. It is a 
eontradiction in terms to speak of the absolute constant volume 
hydrogen scale ”, for of course merely renumbering the same 
sequence of degrees cannot convert an arbitrary scale into an 
absolute one. But, if we understand the word “ absolute ” here to 
mean “ starting at absolute zero ” there is no real objectjon to using 
the term. 

For all purposes except the most refined measurei^ents, the 
temperature of absolute zero is taken as the approxiumte figure 
-273® C. The temperatures of the ice point and the steam point 
are then 273® and 373° respectively. This scale, for which the 
name ‘‘ tercentesimal scale ” has been suggested, is best regarded 
as an approximation to the absolute thermodynamic scale ; the 
terms “ absolute scale ” and “ absolute temperature ” are used in 
connection with it. This seems consistent enough if it be supposed 
that these temperatures are obtained from the true absolute 
thermodynamic centigrade temperatures by superposing an approxi- 
mate value for the absolute zero. 

The symbol T® A. or T® abs. will be used to denote temperatures on 
the constant volume hydrogen scale measured up from absolute zero, 
a,nd also for temperatures on the approximate scale measured up 
from -273'' C. Thus, if 0®C. denotes a reading on the constant 
volume hydrogen scale, the corresponding “ absolute ” temperature 
is (04* 273*03)® A., while if 0®C. denotes a reading on the absolute 
thermodynamic centigrade scale the corresponding reading on the 
approximate absolute scale is (04-273)® A. The symbol K is 
reserved exclusively for the true Kelvin scale. 

To sum up, the term “ absolute temperature ” is generally used to 
indicate the mUiiion employed, that is, to denote temperature 
measured up from absolute zero. The measurement may or may 
not be made on the Kelvin absolute thermod 3 mamic scale, so to 
distinguish these two possibilities the name “ degrees Kelvin ” (®K.) 
is used for the true absolute scale temperature, and' degrees 
absolute ” (®A., or ® abs.) for temperatures measured by other means 
on any other scale numbered up from absolute zero. 
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QUESTIONS ON CHAPTER I 

1. Explain the*principles used in establishing a scale of temperature. 
Give an account of two experiments you could perform, using quite 

distinct physical properties, in order to determine the temperature of 
a liquid bath (about 110° C.), without using a mercury or other liquid 
[thermometer, but using normal laboratory equipment. (L.) 

2. Describe a clinical thermometer, and point out how its construction 
inakes it (a) sensitive, (6) quick acting, (c) self registering. 

! Give reasons for and against the use of mercury as a thermometric 
fluid. (C.) 

3. Describe the construction and graduation of a mercury thermo- 
meter, no other thermometer being available. What procedure must 

e adopted in using the instrument in order to obtain the highest 
ccuracy of which it is capable? Point out in what respects a gas 
hermometer is superior to a mercury thermometer. (L.) 

4. Describe a constant- volume air thermometer, and explain how an 
terval of 1 ° C. is defined on the scale of this instrument. 

The following readings were obtained with a constant-volume air 
hermometer : 



Level of mercury 
in closed limb. 

Level of mercury 
in open limb. 

Bulb in melting ice - 

136 mm. 

112 mm. 

Bulb in steam at 76 cm. pressure 

136 

390 

Bulb at room temperature 

136 

160 


ilculate the room temperature. (O. & C.) 

6. What is meant by saying that the boiling-point of a certain liquid 
; 400° C.? 

Describe a thermometer which would enable you to read such a 
emperature, and explain how its readings are obtained. (O.) 

6. What do you understand by (a) the perfect gas scale of tempera- 
jfcure, (6) the platinum resistance scale of temperature? Why do the 

cales give different numbers for the same temperature if that tempera- 
jbure is neither that of melting ice nor that of water boiling under 
andard pressure ? 

What experiments would you make to determine the corrections 
necessary to convert platinum scale temperatures to perfect gas scale 
nperatures? (C.S.) 

7. Explain how a scale of temperature is defined, illustrating your 
V'er by reference to a “ liquid in glass ” thermometer. 

A thermometer is constructed with a liquid which expands according 
the relation F<=Fo (1 where F® is the volume at 0° C., 

the volume at <° C. on the scale of a gas thermometer, and a and b 
constants. If 6 = a/1000, what will the liquid thermometer read 
rhen the gas thermometer reads 60° C.? (C.S.) 
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8. What is meant by the “ fixed ” points of a mercury thermometer? 
How may they be found, and what further experiments must be made 
before it can be stated that the temperature of a certaJln body is 15® C. ? 

(C.S.) 

9. Define a degree centigrade on (a) the constant volume scale, 
(6) the constant pressure scale, for a gas. Show that if Boyle’s Law 
holds for the gas the mean coefficient of increase of pressure at constant 
volume and the mean coefficient of expansion at constant pressure 
between 0® C. and 100® C. are equal, and that the constant volumt^ 
scale and the constant pressure scale agree with one another. 

Explain how temperatures are measured by means of a platinum 
resistance thermometer. \ (C.S.) 

[Reference to pp. 134-139 in Chapter IV should be madeyor part of 
this quest io7i,] \ 

10. How is a centigrade temperature defined on (a) a ^constant- 

volume gas-thermometer, (6) a platinum resistance then^ometer? 
Give an account of platinum resistance thermometry. (O. & C.) 

11. Describe two methods suitable for measming high temperatures 

of the order of 1000° C. (O. & C.) 

12. Wliat is meant by a scale of temperature, and on what does the 
definition of any particular scale depend? 

If alcohol is to be used as a thermometric liquid, how would you 
determine what temperature on the alcohol scale of temperatur<‘ 
corresponds to 50° C. on the gas scale? (O. & C.) 

13. Discuss the measurement of temperature, and explain how 
temperature is defined on the scale of a given type of thermometer. 

When used to measure temperatures of about 300° C. the readings 
on the scale of an accurate mercury thermometer are about 2® higher 
than those of an accurate air thermometer. W'hy is this, and what 
reasons, if any, are there for adopting one scale rather than the other? 

(O. & C.) 

14. What is meant by the absolute scale of temperature? Describe 
some form of thermometer by which absolute temperatures can be 
measured. Show, in detail, how you would use it to measure the 
temperature at which pure lead solidifies, explaining how the tempera- 
ture is to bo calculated from the njdasurements you would have ii^e. 

( 0 .) 



CHAPTER II 

THE MEASUREMENT OF HEAT 

i When a hot body and a cold body are placed in contact, it is 
: observed that the hot body becomes cooler and the cold body 
becomes warmer, and that this continues until both are at the same 
; temperature. To explain this, we say that heal has passed from the 
\hotter to the cooler body. This is merely a suggestion as to the cause 
[of the observed effect. It is not in itself an observation, still less a 
satisfactory definition of heat. At one time men believed that heat 
was a weightless material fluid, and that temperature corresponded 
rather to hydrostatic pressure. It is not intended at this point 
to anticipate the work of Chapter VI, but it seems best to state 
some of the familiar observations which lead us to believe that 
heat is really a form of energy. 

Heat is produced by the expenditure of mechanical energy (as in 
I the brake drums of a car, or the bearings of any machine), of 
[electrical energy (when an electric current flows in a conductor), of 
I chemical energy (when coal is burned, or a mixture of hydrogen and 
[oxygen exploded) and in several similar ways. Recent calcula- 
(tions suggest that the heat emitted from the sun is really derived 
[from a chain of reactions between atomic nuclei in which atomic 
[energy is converted into heat. It is rather easier to produce heat 
than to employ it satisfactorily for the generation of other forms of 
energy ; bub heat is converted into mechanical energy in the steam 
engine and the internal combustion engine, is converted into electrical 
energy in the thermocouple, is absorbed in such chemical actions as 
give products with a greater store of chemical energy than the 
original substances. We say then that heat is one of the several 
different forms of energy. 

This is begging the question, and merely substituting one name 
for another, if we are not already quite clear as to the meaning of 
energy. The energy of a body, or system of bodies, is its capacity for 
doing work. Work is done when a force moves the body to which it 

29 
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is appKed, and is measured by the product {force x distance moved 
in the direction of the force). The units chiefly ^sed are one foot- 
pound (ft. lb.), which is the work done when a force of one pound - 1 
weight moves its point of application one foot ; one erg, which is the 
work done when a force of one dyne (1 /981 gm. wt.*) moves its 
point of application one centimetre, distances in the direction of 
the force being understood in each case ; and one joule, which is 
10’ (ten million) ergs. Energy is measured in units of work, just 
as a bank balance, which is a capacity for spending money, is 
reckoned naturally in units of currency. There is a wilful confusion 
in popular speech between the words energy and p(ywer\ we call a 
station which generates electrical energy from heat energy a “ power 
station Power means rate of working, and is commonly ^expressed 
in horse-power (1 h.p. is a rate of working of 550 ft. lb. per second), 
watts (1 watt is a rate of working of one joule per second), or kilowatts 
(1 kw. is a rate of working of one thousand joules per second). 

There is no compelling reason why we should not measure heat 
in ergs or joules or foot-pounds, and where this is most convenient it 
is done. One of the chief domestic sources of heat is electricity, 
The electric meter records in mechanical units the energy supplied 
to the electric heater. The Board of Trade Unit, or kilowatt-hour, 
is the energy supplied at the rate of one kilowatt (1,000 watts) for 
one hour (3,600 seconds), and thus equals 3,600,000 joules, and we 
pay, at so much a unit ”, for the actual energy used. 

Heat units. A 300-watt electric immersion heater, when ?con- 
nected to a mains supply at the correct voltage, is converting 300 
joules of energy into heat each second, and is thus producing heat 
at a uniform rate. Take a large copper vessel (called a calorimeter) of 
about one litre capacity, pour into4t about 500 grams of water, insert 
the immersion heater, and note the times taken for the temperature 
to rise 5°, 10°, 15°, 20° C., stirring well. These times are found to h( 
roughly in the ratio 1:2:3: 4 — that is, the quantities of heat put 
in are in the ratio 1:2:3: 4 — or in the same proportion as the rises 
in temperature. Hence, for a fixed mass of water, the heat supplied 
is proportional to the rise in temperature. 

Now select a certain temperature rise, say 10®. Use in turn 
masses of 300, 600, 900 grams of water, and note the times taken 

♦ “ ^ ” dynes = 1 gm. wt,, where g stands for the acceleration of gravity at 
the place considered. 
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or the required temperature rise to occur. These times are roughly 
n the ratio 1:^:3, suggesting that, for a fixed temperature rise, 
he heat supplied is proportional to the mass of water used. 

Combining the two sets of results, it appears that the heat supplied 
B proportional to both the mass of water and the temperature 
ise, or 

quantity of heat supplied oc mass of loater x temperature rise. 

Unit quantity of heat on any system is taken as the quantity of 
leat required to raise the temperature of unit mass of water through 
me degree, the actual degree interval being specified for precise work. 
iVater is taken as the standard substance on account of its universal 
tvailability, because it is already taken as the standard for many 
)ther purposes, and because the quantity of heat required per unit 
nass to produce a temperature rise of one degree is not greatly 
iifferent at different temperatures. 

i In choosing water as the standard substance for this and other 
mrposes, the possibility of “ heavy water composed of heavy 
Isotopes of hydrogen and oxygen was naturally not foreseen ; 
brtunately “ ordinary water ” as obtained from freshwater lakes 
and from the tap-water of various cities appears to be extremely 
uniform in its properties. The relative abundance of the different 
isotopes OH :2H = 6900:1, and : i70=506 : 1 ; 0-2) in 

ordinary water can now be stated with some precision, and it is 
found to be very constant. So ordinary water is a quite definite 
standard substance, and recent discoveries have not jeopardised its 
character in this respect. 

In the Metric System, the unit quantity of heat is called the 
calorie. This is the quantity of heat required to raise the tem- 
perature of 1 gm. of water through one centigrade degree — 
from 14*5® C. to 15*5® C. for accurate work, when we speak of the 
15® C. calorie. Some experimenters have used the 20® C. calorie, 
the chosen degree being from 19-5® C. to 20*5® C,, while in experi- 
ments involving large ranges of temperature the “ mean calorie 
which is 1 /lOO of the quantity of heat required to raise 1 gm. of 
water from 0® C. to 100® C., is used. 

: The work discussed in this book will not in general require these 
fine distinctions, but it is well to be aware of them. We shall 
istlways assume that the quantity of heat required to raise the 
temperature of 1 gm. of water through one centigrade degree is the 
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same wherever that degree is chosen. It might be asked whether 
after all it would not be better to measure heat^in energy unit^. 
This would ensure perfect consistency, and it is often done ; but 
in practice it is not always a simple measurement to make. Accepted 
values for the Mechanical Equivalent of Heat (symbol J), th*; 
number of energy units equivalent to one heat unit, are ; 

1 IS*' calorie =4*1852 x 10’ erg. 

1 mean calorie =4*1832 x 10’ erg. 

There is in addition the unit adopted by international Wgreement 
called the International Steam Table Calorie ” (I.j calorie) 
such that 1 I calorie =4-1868 x 10’ erg. 

In some branches of science the name calorie is us for the 
kilocalorie, which is the quantity of heat required to raise the 
temperature of one kilogram of water through one centigrade 
degree. This is not at present done in Physics. 

In the British System, the British Thermal Unit (B.Th.U.) ii 
the quantity of heat required to raise the temperature of 1 lb. o 
water through one Fahrenheit degree. The therm, which equali 
100,000 B.Th U., is a larger unit used chiefly in calculating ga? 
bills, which are now made out so that the consumer pays for the 
heat provided instead of for the volume of gas which hat 
passed through the meter. Engineers also use the pound-degree 
centigrade unit, which is the quantity of heat required to raise th( 
temperature of 1 lb. of water through one centigrade degree ; this h 
9/5 B.Th.U. 

The heat supplied to, or gained by, a mass of water, measurec 
in any of the above units, is then equal to the product mass o; 
water x temperature rise. • 

Thus, 

heat gained = mass of xvaier x temperature rise. 

It is clear that the quantity of heat removed when 1 gram of watei 
cools one C. degree equals one calorie, otherwise it would be possibl* 
to accumulate or destroy heat indefiriitely by alternately heating 
and cooling a mass of water for a sufficient number of times. Hence 
we can write for the quantity of heat removed when any mass o\ 
water cools through any temperature range, 

heat lost = mass of water x temperature faU. 
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Water equivalent and heat capacity 
of a body. Thp rough demonstration 
experiments outlined on p. 30 left 
out of account the fact that the 
copper container was in every case 
being heated, and therefore taking in 
a certain quantity of heat. The effect 
is thus as if there had been a little 
extra water in the vessel. We can find 
directly the mass of water to which the 
vessel is equivalent (called its water 
equivalent) in the following way. Take 
masses of 200 gm., 300 gm., 400 gm., of water in turn, heat with 
the immersion heater for exactly the same time, and note the rise 
in temperature at the end of each heating. Let m be the mass of 
water in any experiment, t the rise in temperature observed, and 
w the water equivalent of the vessel. Then the heat supplied is 
(m hw)t calories, which, as it is the same each time, will be denoted 
by the constant a. Hence (m + w) ^ajty and a graph of m against 
1 // is a straight line AB cutting the m-axis when m « - so that w 
is determined from the intercept OA in Fig. 13. The heat capacity, 
or thermal capacity, of a body is defined as the quantity of heat 
required to raise the body through one degree. As w calories are 
needed to raise w grams of water through one degree, the value of 
the thermal capacity {in calories per centigrade degree) will be the 
same numerically as the water equivalent {in grams of water). This 
is not strictly true, for the quantity of heat required to raise w gm. of 
water through one degree depends on the temperature at which 
that degree is situated ; but it as consistent with the assumption 
ofp. 31. 

Specific heat. In the experiment of the last section, a large copper 
can, weighing perhaps 300 gm., wiU be found to have a water 
equivalent of about 30 gm., or a heat capacity of about 30 calories 
per centigrade degree. It is evident that one gram of copper 
requires very much less heat to raise it one centigrade degree than 
does one gram of water. We will discuss this point further, with 
:reference to a liquid first. 

I Place the immersion heater into equal masses of paraffin and 
Water in turn ; for experiments of this type, it suffices to use a 
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measuring cylinder, and as the specific gravity of parafiin is 0*8, 
500 c.c. of water and 500/0*8, or 625 c.c. of pafaflSn would be 
suitable amounts. With such large masses, the thermal capacity 
of the vessel is relatively small. In each experiment, observe the 
time taken for the temperature to rise through the same range of 
temperatme, say 20®. The time for the paraffin is about half that 
for the same mass of water, so the quantity of heat required to raise 
the paraffin through this range of temperature is abou/t half the 
quantity of heat required to raise the same mass of watfer through 
the same range of temperature. Or, applying this to each degree 
rise of each gram of paraffin, 1 gm. of paraffin requires fiub< ut half 
as much heat to raise its temperature one centigrade degr^ as does 
1 gm. of water. But 1 gm. of water requires one calorie\ to raise 
its temperature through one centigrade degree, hence I'gm. of 
paraffin requires about half a calorie to raise its temperature through 
one centigrade degree. This introduces the idea of specific heat. 

The specific heat of a substance is usually defined in two ways : 

(1) The specific heat of a substance is the ratio of the quantity of heat 
required to raise the temperature of a certain mass of the substance through 
8 certain range of temperature to the quantity of heat required to mise the 
temperature of the same mass of water through the same range of tem- 
perature. 

According to this definition, specific heat is a ratio between two 
quantities of heat, and is thus a number with no units. Further, if 
one quantity of heat is one-tenth or one-half the other, this ratio 
is quite unaffected by the units employed for measuring the quantities 
of heat, provided the same units (calories, B.Th.U., ergs, joules, or 
any other) are used for both of them. Thus the value of the specific 
heat does not depend on the system of units chosen, and is the same 
in all systems. 

(2) The specific heat of a substance is the quantity of heat, measured in 
calories, required to raise the temperature of one gram of the substance 
through one centigrade degree ; or, in British units, the quantity of 
heat, measured in B.Th.U., required tq raise the temperature of 
one pound of the substance through one Fahrenheit degree. 
According to this definition, the units in which specific heat is 
expressed should be “ calories per gram per centigrade degree ”, 
with a corresponding British system version. 

There has been much discussion as to the relative merits of these 



MEANING OF SPECIFIC HEAT 36 

Sfcwo definitions. It appears from the argument used at the end of 
the parafSn experiment, that the result is numerically the same 
whichever definition is employed, at least to the accuracy required 
in this book. But they are no'!/ really alternatives at all, since they 
define two different things. Definition 1 deliberately compares the 
thermal behaviour of the substance with that of water ; it defines 
lie specific heat of the substance relative to that of water, and the 
value of the specific heat bf water itself depends on the temperature 
ange chosen. It is the relative specific heat ^ 

Definition 2 deals with the quantity of heat energy gained during 
, certain temi)erature change by a certain mass of the substance. 
It so happens that the unit in which the heat energy is measured is 
defined with reference to water, but it can be realised in terms of 
the absolute unit of energy, the erg, and could equally well be defined 
as a number of ergs. There is thus no comparison, either explicit 
or implicit, between the substance and water in this definition. 
It defines what may be termed the absolute specific heat of the 
substance. 

It is urged frequently that the term ‘‘ specific should be reserved 
to denote comparative or relative quantities, “ specific gravity ” 
(but not “ specific volume ” or “ specific resistance ’) serving as 
precedent. If this be widely accepted, then definition 1 is that of 
specific heat, while the quantity of definition 2 is best renamed 
entirely, as “ thermal capacity of unit mass for which some such 
name as “ calorance ” or “ thermivity ” may yet be coined. 

In Kaye and Laby’s ‘‘ Tables ”, some specific heats are given as 
numbers, others are specified as “ relative to water at 15® C.”, and 
the specific heats of gases are expressed in the units “ calories per 
[gram per centigrade degree ”• • ^ 

In this book, the term “ specific heat ’’ is used in the text to 
'denote the absolute specific heat, or thermal capacity of unit mass, 
any appropriate units of energy and mass bein^ used* When numerical 
values are stated without the units being specified, these are to be 
understood as “ cal. per gm. per C. degree 

The specific heat of a substance must not be regarded as a 
i constant, for the specific heat of all substances varies with the 
[temperature. For example, in the case of diamond, the specific 
[heat at - 186® C. is 0-0025, at 22® C., 0-122, and at 827® C., 0-429 ; 
fthe specific heat of copper is 0-91 at 0® C., and 0-95 at 100® C. 
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In many cases, for example with ferromagnetic materials and 
alloys like brass, there is a sharp and very considerable rise in specific 
heat in the neighbourhood of temperatures associated with changes 
in internal structure. We should therefore distinguish between the 
specific heat of a substance at a given temperature, and the mean 
specific heat over the range between two given temperatures, which 
is the quantity usually found by experiments and required in 
calculations. Unless the contrary is stated, the mean yalue over 
the appropriate range is referred to. 

Let a quantity of heat Q calories be supplied to a bo(W of mass 
m gm., and raise its temperature from 6^ ®C. to $2 ®C. s be the 

mean specific heat between these two temperatures. Then the 
number of calories required, on the average, to raise i gm. of 

the substance through one centigrade degree is 4 v > so 




This can be turned round and written as 


Q-^m8(e2 - ^i), 

or, in words, 

heat gained — mass x specific heat x temperature rise. 
Similarly, when a body loses heat and the temperature falls, 
heat lost — mass x sjjecific heat x temperature fall. 

Again, let a small quantity of heat hQ be supplied to a body of 
mass m at temperature 6° C., and raise its temperature to d -hBS° C. 
Let 8 be the mean specific heat over this small range of temperature. 

Then BQ =im B0, 

■ 

•• m 80 ’ 

and in the limit, when BQ and B6 are both exceedingly small, 

1 dQ 


This gives the specific heat at the temperature 0^ C. 

To raise the temperature of a body of mass m and specific heat 
e through one degree requires ms calories. Thus 

thermal capacity ^mass x specific heai. 
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There is one further point, which is chiefly of interest in dealing with 
gases. Consid^ unit mass of gas, contained in a vertical cylinder 
dth a movable piston on which weights may be placed to alter 
the pressure on the gas. Supply sufficient heat to raise the tempera- 
ture of the gas by 1® C., at the same time keeping the volume constant 
by increasing the load on the piston. The quantity of heat supplied 
called the specific heat at constant volume. Now start the opera- 
tion afresh, with the same initial conditions. Supply sufficient 
heat to raise the temperature of the gas 1® C., but this time without 
Jtering the weights on the piston. The quantity of heat supplied 
is called the specific heat at constant pressure. The gas expands, 
Raising the weights, and so doing work upon an external body. The 
specific heat of the gas at constant pressure must be greater than the 
specific heat at constant volume, for in addition to raising of the 
emperature of the gas, the energy required to do the work to raise the 
weights must also he furnished. The specific heat of a gas thus, 
depends on the conditions under which the heat is supplied. Con- 
stant volume and constant pressure are only two out of innumerable 
ets of conditions, so the specific heat of a gas may have any one of 
innumerable different values. 

These considerations do not arise in dealing with sohds and 
liquids in ordirmry conditions; the specific heat determined is 
|that at constant pressure, and the value at constant volume can if 
necessary be calculated from this. The specific heat at constant 
pressure is as much as 5 per cent, greater than that at constant 
volume for some metals. Though the expansion is very small, the 
vork which must be done against the elastic forces between the atoms 
order to produce even a small given extension by mechanical 
neans is appreciable ; and the same amount of energy must 
furnished as heat to provide the same amount of work when the 
stme extension occurs as the result of thermal expansion. It is 
Bcause all measurements are made at constant pressure in all 
practical cases, rather than because of the magnitude of the difference, 
tiat the specific heat at constant pressure is the only one considered 
jfor a sohd. 

Latent heat. When a solid is melted, the change of state takes 
place at a definite temperature under given fixed conditions. 
Experiments using a constant source of heat make it evident that 
tieat must be supplied in order to melt the solid. The reverse 



38 A TEXT-BOOK OF HEAT 

change demands the removal of heat. The quantity of heat required 
to change unit mass of a substance from the solid to the liquid state without 
change of temperature is called the latent heat of fusion of the substance* 
When a liquid is vaporised, heat must be supplied. In the caso 
of ordinary evaporation, heat is drawn from the surrounding liquid. 
When the liquid is boiling, at a fixed temperature under a given 
pressure, the heat supplied causes the liquid to vaporise at a fixed 
temperature. The quantity of heat required to change unit mass of a 
substance from the liquid state into vapour without change of temperaturp 
is called the latent heat of vaporisation (or evaporation) of ihe substance^ 
The word “ latent means hidden ”, and the idea is that the 
heat which is supplied to melt a quantity of ice, for example, is, 
really stored in the resulting water. As will be seen later, this heat 
has really been used in doing the mechanical work necessary to 
change a rigid solid body into a fluid ; and similarly the latent heat 
of evaporation is really expended in doing mechanical work in 
converting a fluid of definite volume into the gaseous state. 



Fig. 14. 


A very rough experiment, which assumes a bunsen burner to be 
a constant source of heat, may be used to give an idea of the values 
of the latent heat of fusion and the latent heat of vaporisation of 
water-substance, usually called the “ latent heat of ice ” (though 
the heat is latent in the resulting imier) and “ the latent heat of 
steam ” respectively. 


Two or three cubes of ice are placed in a thin copper can, which is 
imm^ately placed over a bunsen burner the flame of which is 
shielded from draughts. The temperature is read at intervals of 
one minute until this reaches 100^ C., when it mav be read at five- 
minute mtervals Mtil the can boUs dry. A graph of temperature 

(melting of the ice), AB (raising of the water liom 0“ C. to 100* C.) 
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and BC (conversion of all the water into steam at 100® C.), are 
obtained from the graph (Fig. 14). 

Then, as the bunsen is assumed to supply heat at a constant rate, 

Heat to melt ice at 0° C. 

Heat to raise same mass of water 100 centigrade degrees "" * 

Applying this to one particular gram of the ice, 

Heat to melt one gram of ice at O'* C. 

Heat to raise one gram of water through 100 centigrade degrees ~ 

But 100 calories are needed to raise the temperature of 1 gm. of 
water through 100 centigrade degrees ; therefore 
Heat required to change 1 gm. of ice at 0® C. into water at 0° C. 

= 100 “ calories. 
h 

Similarly, 

Heat to convert water at 100® C. to steam at 100® C. _ 

Heat to raise the same mass of water from 0° C. to 100® C. ~ <2 

Whence the quantit}’ of heat required to convert 1 gm. of water 

at 100® C. into steam at 100® C. = 100 calories. 

h 

We could have reworked the arguments for one particular pound 
of the substance, substituting 180 Fahrenheit degrees for 100 centi- 
grade degrees, obtaining, 

Heat required to melt 1 lb. of ice at 32® F. = 180 ^ B.Th.U. 

Heat required to turn 1 lb. of water at 212° F. into steam at 212° F. 

= 180'/ p.Th.U. 

V • 

The numerical value of the latent heat, if measured in the 
appropriate consistent heMt units, is independent of the system 
of mass chosen, but does depend on the scale of temperature 
used. It is usual to express latent heats as “ so many cerUigrade 
nnits or ** so many Fahrenheit units ” ; or, when the metric 
system is being used, as ‘‘ so many calories per gram 
The results of an experiment of this kind, though extremely rough, 
should be of the right order. For example, actual values of 
and ^3 might be about 6 minutes, 6 minutes, and 35 minutes respeo- 
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lively, giving for the latent heat of ice, 100 x 5/6 = 83 cal./g^*> 
for the latent heat of steam, 100 x 35/6 = 581 caL/gm. 

Latent heat calculations. The quantity of heat taken in to melt 
a given mass of solid without change of temperature is equal to 
(mass X latent heat of fusion). Similarly, the quantity of heat given 
out when a given mass of liquid solidifies without change of tempera- 
ture is (mass x latent heat offusi&n). 

The quantity of heat taken in to convert a given mass of liquid 
into vapour without change of temperature is (mass x latent mat 
of evaporation). Similarly, the quantity of heat given out when 
a given mass of vapour condenses without change of temperature 
is (mass x latent heat of evaporation). 

Numerical values for the latent heats of ice and steam. The value 
obtained in 1939 by Osborne in America for the latent heat of fusion 
of ice is 79*69 i.T. calories per gram at 0® C. A very slightly higher 
value is obtained if it is expressed in terms of the 15® calorie. In all 
simple calculations the value 80 calories per gram is used in this book. 

The latent heat of steam depends on the temperature of the 
boiling point. The higher the boiling point, the lov er the value of 
the latent heat. Above the critical temperature, which for any 
substance is that temperature above which it cannot exist in the 
liquid state at all (for water about 374® C.), since the liquid cannot 
exist, there can be no latent heat ; and the value approaches zero 
as this temperature is approached. Equations for the variation of 
the latent heat of steam with temperature over limited ranges have 
been given by several observers. Regnault s equation, for the 
range between 63® C. and 194® C., gives the latent heat at f C. 
as = 606-5 - 0*695^. The mean of the two most recent values for 
the latent heat of steam at 100®* C., given by Kaye and Laby, is 
538-6 I.T calories per gram. In all elementary calculations the 
value 540 calories per gram is accurate enough. 

Cooling. So far in this chapter Me have considered rough experi- 
ments designed to introduce ncM^ ideas rather than to furnish 
accurate quantitative measurements. Various possible sources 
^error and means of eliminating or correcting for them, must now 
conside^. One of the most troublesome sources of error is the 
rivi ^ from, the surroundings. This can be 
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The loss of heat through the surrounding air from the surface 
of the calorimetcjf takes place chiefly by convection if the calorimeter 
is polished. The rate of loss depends very greatly on whether the 
air surrounding the calorimeter is not disturbed by other means, 
when it is called “ natural convection ”, or whether the calorimeter 
is exposed to a steady current of air, which is called “ forced con- 
vection 

For natural convection, the rate of loss of heat is proportional 
to the 5 /4th power of the temperature difference between the 
hot body and the surroundings. This lav/ has been tested experi- 
mentally and found to hold for quite large temperature differences 
up to hundreds of degrees for medium-sized cylinders. 

For forced convection or ventilated cooling in a strong draught, 
the rate of loss of heat is proportional to the temperature difference 
between the hot body and the steady stream of air flowing past it. 
This is known as Newton’s Law of Cooling. This also is true for 
quite large temperature differences for genuine forced convection ; 
it is not, as is frequently stated, only applicable for small temper- 
ature differences. 

The application of Newton’s Law to the cooling of a calorimeter 
surrounded by still air appears to be hallowed by custom. Before 
criticising this, it is well to remember that the calorimeter is usually 
surrounded by an outer jacket to impede convection of any kind, 
and that convection is not the only means by which heat is lost. 
It is certain that, if the temperature difference is small, the error 
made in using Newton's Law for the cooling of the calorimeter is 
small ; though it is known to hold only approximately, it is good 
enough to estimate the small cooling correction with sufficient 
accuracy in most experiments. 

It may be applied for the purpose of smafl corrections to the 
natural convection loss of a calorimeter, provided the temperature 
excess is small ; the limiting excess is often said to be about 30 
centigrade de*grees, but in this case Newton's Law gives only about 
43 per cent, of the rate of loss calculated by the 5/4.power law . 

Notice that the law rt'fers to rate of loss of heat, and not merely to 
rate of fall of temperature. It does of course follow^ that the rate 
of fall of temperature, if it occurs, is proportional to the rate of 
loss of heat ; but it does not follow that the emission of heat is 
necessarily accompanied by a fall in temperature. For example, a 
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wire carrying an electric current will reach a steady temperature 
at which the rate of emission of heat equals the rjbte at which heat 
is generated in the wire, or the regular fall in temperature of a 
liquid may be interrupted by a long period at a steady temperature, 
during which heat is being lost to the air and supplied at the same 
rate by the latent heat evolved as the liquid solidifies. 

To test Newton’s Law of Cooling. It is futile to set out to test a 
law which is stated to be true for a strong draught by observing the 
cooling of an unventilated body in still air. Such an experiment 
might provide useful information ; for example, it would show how 
large a temperature excess would be permissible if the error made ^ 
using Newton’s Law to calculate the cooling is to be less than, say 
20 per cent., or should enable us to deduce the true law of cooling 
under these conditions. But it would not be an attempt to verify 
Newton’s Law. The experiment must be done in the draught from 
an open window, or in the neighbourhood of an electric fan. 

A small copper calorimeter is placed on a badly conducting stand 
(such as a slab of cork) on a bench by an open window, and is about 
one-third filled with warm water. The temperature of the draught 
of air directed towards the calorimeter is taken ; this is called 6q. 
The temperature of the water in the calorimeter, which should be 
well stirred with the thermometer, is taken at intervals of one or 
two minutes for about an hour. 

A graph (Fig. 15) of temperature against time is plotted, and 
the line ia drawn in. Several points as at P on the curve 



Time t 


Fiq. 16 . 


are taken, and the tangent to 
the curve is drawn at each of 
these points, to cut the line 
atQ. The perpendicular PR 
to the line is also drawn. As 
the ordinate for P gives the 
length of PR represents the 
temperature excess {0-6^), 
The rate of fall of temperature 
at P is given by the slope of 
the graph at P, represented by 
PR IRQ, Now, if Newton’s 
Law of Cooling be true, as 
the rate of loss of heat in 



43 


NEWTON’S LAW OF COOLING 


proportional to the temperature excess, in this case the rate of fall 
of temperature is proportional to the temperature excess. So, for 
the temperature represented by any point P, 


PB 

BQ 


= PB X a constant 


or, as PB cancels, the length BQ is constant. 

The length of the intercept BQ is measured in each case, and if 
it is found that the lengths are the same for each position of P, 
Newton’s Law of Cooling is obeyed. 

Analytical discussion of Newton’s Law of Cooling. Let m be the 
mass of the body, 9 its temperature at any instant t, 6 q the air 
temperature, and s the specific heat of the material of the body. 
7 jet the small change in temperature - (written with a negative 
sign, because it is a fall) take place in the small interval of time St, 
and let the corresponding heat change be - S^, Then, 

- SH = --ms S6y 

and the average rate of loss of heat over this interval is 

SH SO 

8< ~ ^ sr 


or, in the limit, when the interval St is taken to be extremely small^ 

dH dO 

--Tr= 


Newton’s Law of Cooling states that the rate of loss of heat is pro- 
portional to the temperature excess, and in these symbols is written 


dH 

dt 




where A: is a constant for a given body under given conditions, its 
value depending chiefly on the area and nature of the surface, and 
the nature and pressure of the surrounding gas. 

Substituting for - , we can write “ ^ ^ ^ ^o)» 

or 

where e is another constant which is written for kj/ns. It follows 
from the law that the rate of fall of temperature is proportional 

do 

to the temperature excess; and the equation - 
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that most often used in dealing with problems on the law, but 
it is 7wt a statement of the law. • 

Example. The temperature of a body falls from 30° C. to 20° C. in 
6 minutes. The air temperature is 13° C. Find the temperature after 
a further 5 minutes. 

There are two ways of doing this type of problem the first method 
is to work in terms of the average rate of fall in temperature and the 
average temperature excess over each five-minute interval ; the seqfond 
method uses strict calculus. Both assume Newton’s Law to hold. 
First method. Let x be the final temperature. 

For the first five minutes : 

30 + 20 

average temperature = 25° C. 


average temperature excess = 25- 13=12 C. degrees. 

average rate of fall of temp. = = 2 C. degrees /min. 

5 

•Since average rate of fall of temp. = c x average temp, excess, 

2 = cx 12 (i) 

For the second five minutes : 

20 + 

average temp. = — ^ C. 

/20 + a? \ /'x \ 

average temp, excess = ^ ^ degrees. 

average rate of fall of temp. = — - — C. degrees/min. 


»d (W 

From equations (i) and (ii), 

20-x_ xl2-Z 
10 T 12 ’ 

17/= 270, 

and x= 15*88° C. 

Second method. Let a;° C. bo the final temperature and let t stand 
for the time from the start. 

As 

Integrating both sides, 

loge( ^ - ^o) == -ct + a constant. 

We shall use the abbreviation “ In ” to denote logarithms to the base e, 
using log ” for ordinary logarithms to the base 10, from now on. 
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When ^ = 0, ^=30® C., and 0^=13° C. always, 

th$i integration constant = In (30 ~ 13) = In 17. 
Substituting this value, and putting 6q=13, tlie equation becomea 
ln(^-13)= -c< + lnl7 



This equation gives the value of d at any instant t. 
Now, when t= 5 min., 0 = 20° C. 

when 10 min., d = x° C, 



Now, logarithms to the base e are converted to logarithms to the 
base 10 by multiplying by 0*4343. This need not be written down,, 
as the number cancels. 

Henco log = 2 log . 

log (x - 13) = 2 log 7 - log 17 
= 1*6902- 1*2304 
= 0*4598. 

Taking antilogarithms of both sides, 

x- 13 = 2*883 

and a: = 15*88° C. 

The agreement of the two methods is close enough in this example^ 
which shows that the much simpler first method, using average 
values, is here satisfactory. It does not follow that such close agree- 
ment always happens in all examples. 

Further investigation of cooling. Newton’s Law of Cooling is 
so regularly employed for the correction of cooling losses, and 
so frequently used to solve examples in which no mention is made 
of forced convection conditions, that it is easy to gain the impression 
that its validity is unlimited. This impression should be shattered 
by the following experiment. 

^ Boiling water is placed in a calorimeter which stands on a cork 
support. The air temperature is noted. The water is stirred 
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and the temperature taken with a thermometer, which can be read 
to 1/10®, at intervals of 2 minutes. The mean rarfie of fall of tem- 
perature, r, the mean temperature, 0®, and the mean temperature 
excess {0 - are calculated for each 2-minute interval, the table 
of results appearing as below. 


Air temperature 12*4® C. 


Time in 
min. 


Mean rate 
of fall 
(r“/mm.). 

Mean 

t^mp. 

(r C.). 

Mean temp, 
excess 
(0-eor. 

log f. 

log(e-flo|. 

0 

87*5 

6-6 

80*5 

68- 1 

0 8195 

1 8331 \ 

2 

73-9 

4-5 

69-4 

570 

0-6532 

1-7559 

4 

64-9 

3-4 

61-5 

49- 1 

0-6315 

1 6911 

6 

) 

581 

t 



i 



First, a graph of r against - ^o) is plotted. The points lie well 
on a definite smooth curve. This is far from being even roughly 
approximate to a straight line, so it is obvious that the rate of fall 
of temperature is 'iwt propcrtional to the temperature excess. 

Next, as the curve indicates that there is some definite relation 
between r and {d - 6q), the problem is to find it. Let r-c(d - 
where c is a constant. Then logr = 7ilog(0-0o)+iog^* Or> if V 
stand for log r, x for log - 6q) and 6 for log c, y =7u: + 6. 

Thus the graph of y against x should be a straight Une, (not passing 
through the origin), and the slope dyjdx gives the value of n. 

When the graph of log r against, log {8 -6 q)\b plotted, the majority 
of the points will lie close to a* straight line ; the exceptions w ill 
probably be one or tw’o of the points for the highest temperatures, 
and the reason for this is probably that radiation is just beginning to 
contribute appreciably to the total loss. The slope of this line 
then found. The value of n is usually between about 1*3 and 1*6, 
showing that the true law of cooling for a calorimeter under these 
conditions is something like r=c(0 — 6 q)^*^ or, as the rate of loss of 
heat is proportional to the rate of fall of temperature, 
-dHldt^k(B--e^Y*K 

(The theoretical value of n is of course L25 for natural convection.) 
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CALORIMETRY 

The measurement of quantities of heat is called calorimetry. 
There are numerous methods, which can be classified into two 
groups. 

A. Thermometric calorimetry, in which a change of temperature 
is recorded. Five distinct methods are available. 

(1) Method of mixtures^ in which the heat to be measured is 
transferred to a known mass of water. This is the best-known 
method, one of the simplest to use, and when precautions are taken 
is an accurate method. 

(2) Method of cooling, which simply depends on the fact that the 
rate of loss of heat from a hot body under constant conditions 
follows a regular law. 

(3) Method of constant heat supply, which has already been 
discussed in the rough experiments with an electric heater and a 
bunsen burner (pp. 34 and 38). 

(4) Electrical method, in w^hich the quantity of energy concerned 
is really measured in electrical units. 

(5) Method of continuous flow, in w hich heat is supplied electrically 
at a steady rate to a steadily flowing stream of liquid. 

B. Latent Heat calorimetry, in which the quantity of heat to be 
measured is caused to melt a mass of solid the latent heat of fusion 
of which is kncwm, or to evaporate a mass of liquid of known latent 
heat of evaporation, or in w hich a known quantity of heat is supplied 
by the condensation of a measured mass of vapour of known latent 
heat. We shall discuss examples of the various methods, but not 
in this order. 


THERMOMETRIC CJALORIMETRY 

Specific heat of a solid by the method of mixtures. A thin copper 
calorimeter, of mass w and specific heat $, contains W grams of 
water at a temperature 8i °C. A known mass m of the solid is 
heated to a suitable high temperature $2 ^C, and dropped into the 
calorimeter, and the final highest temperature of the mixture 
^3 ®C., observed after thorough stirring. Then, if no heat is lost 
to the surroundings, all the heat lost by the hot body in cooling to 
the final temperature has been gained by the water and calorimeter 
in rising to the final temperature. 
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Let X be the specific heat of the solid. The heat lost by m grams 
of solid of specific heat x in cooling from C. to ^3? C, is ma;(02 - ^3) 
cal. The heat gained by W grams of water rising from C. to 
B^ C. is - Bi) cal. The heat gained by w grams of copper of 
specific heat S in rising from C. to ^3® C. is wsiB^ - 0 ^) cal. 

Then, as heat lost =heat gained y 

mx{B^ -B^) = W (^3 - Bj) + ws(B^ - B^). 

The only unknown in this equation is Xy which can thus be cald 
lated. We shall always leave equations of this type at tti 
stage. 

Precautions and corrections come under three headings : 

(a) During the heating of the specimeny it is important to ensure 
that the specimen does reach the temperature recorded by the 
thermometer as Bf" C. For this, prolonged heating is necessary, 
with the thermometer in contact with the specimen. Also, some 
kind of protection is needed if the body is heated in a water or steam 

bath, so that it is kept dry. 

(6) During transference to the cal^ 
orimetery which should be done as 
quickly as possible, care must be 
taken to avoid splashing water out 
of the calorimeter. 

(c) During mixturCy the calori- 
meter should stand in an outer 
container, supported by badly con- 
ducting spikes of cork, strips of card- 
board set edgeways, by fine threads, 
or eome other similar method, as in 
llg. 16 . The outer can surrounds 
the calorimeter with a layer of still 
air, and should itself be surrounded 
by a constant-temperature water jacket, so that the losses which 
do occur are regular. Lagging the calorimeter by packing cotton 
wool or felt round it should reduce convection if the material is 
dry ; otherwise it merely increases the heat capacity by an 
uncertain amount. The outside of the calorimeter and the inside 
of the outer can should be highly polished to reduce radiation losses, 
though it is doubtful whether much loss by radiation takes plaoe 
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with the small temperature excesses realised in the experiment. 
ContimuMS stirring during the rise in temperature is extremely 
important, and the water equivalent of the stirrer and the thermo- 
meter itself should be determined. The stirrer may be a piece of 
thick copper wire, which is considered as part of the calorimeter. 
The heat capacity per c.c. of mercury and of glass are very nearly 
the same, and the allowance for the thermometer’s heat capacity 
can be taken as 0*45i;, where v c.c. is the volume of thermometer 
immersed. The calorimeter should be fitted with a lid provided 
with holes for the thermometer and stirrer, to check evaporation. 

So far we have considered the reduction of heat losses by attention 
to design and method. We have now to correct for the cooling which 
unavoidably occurs in spite of every care. The cooling correction 
is most simply done as follows, using a modification of the method 
devised by Regnault and based on Newton’s Law of Cooling. 
Experience will show that the correction is really not necessary 
unless the solid is so poor a conductor of heat that the process of 
attaining the steady final temperature takes some minutes ; for 
even if the rate of loss of heat is considerable, the total loss in a very 
short time will be small. A suitable substance to use as an exercise 
is rubber. 

Before introducing the solid, allow the water in the calorimeter 
to attain the temperature of the surroundings. At the moment 
when the hot solid is introduced into the calorimeter the temperature 
is taken, and thermometer readings are observed at half-minute 
intervals (stirring all the while) until the temperature ceases to rise. 
Stirring and thermometer readings are continued for a period at 
least as long as the “ rise in temperature ” period, and a graph of 
temperature against time is plotted (Fig. 17). 

The air temperature ( 0 q) line AJ^ is drawn. At the highest point 
C of the curv'e, a horizontal line CE is drawn, and a perpendicular 
CD is dropped to AB. From any point F on CE a perpendicular 
FOH to A 2? is drawn, cutting the graph at 0. The fall /g repre- 
sented by FO gives the cooling in the time represented by DH ; 
it is required to find the fall which occurs during the time repre- 
sented by AD, 

From Newton’s Law of Cooling, which we assume to hold, 
-ddjdt^ciO -6^) or ~dfl=*c(0~ ff©)* 5 ^^7 finite time 

interval Bt, the drop - 80 is given by - 80-c{$ - ^o) 
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Considering the portion of the curve from M to Ny KM represents 
KL represents Si, the area KM x KL, or KLMN, represents 
(6 “ ^o) Sty and MP the fall ~ SO. 

The fall in temperature over the interval MN is thus c x KLMN, or 
c X (area of the strip between the curve and tJw 6^ line). 

This is true wherever we take the strip, and applies also for the 
fall of temperature below the true ‘‘ no-loss value for the part of 
the curve AC which is actually rising. So, calling the area between 
AC and AD, Si, and the area between CG and DH, S^y 


fi—oSi, 


/g — C ^2, 

and /i=/ 2 ^- 


The rule for finding the correction to be added to the observed 
maximum temperature (that at the point C) to give the true tem- 
perature is, then, to note the fall ff*, measure the areas and by 
counting squares, and the required correction fi is given by 


This proof may appear easier if reworded as an analogy to velocity- 
time curves. On a velocity -time graph, the area between any portion 
of the curve and the time-axis represents, on the appropriate scale, 
the distance travelled during the interval concerned. On a velocity* 
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of-cooling ’’-time graph, the area under the curve should similarly 
represent the ‘f, distance ” cooled during the interval concerned. 
Now, we deduce from Newton’s Law of Cooling that the velocity 
of cooling is proportional to the temperature excess. Hence a 
graph of temperature excess against time (which is the graph of 
Fig. 17 with the origin shifted up to A) shows the way in which the 
velocity of cooling depends on the time, though the scale is here^ 
reduced by a factor 1 /c (for temperature excess = 1 /c x rate of fall 
of temperature), which means that the “ distance cooled ” is c 
times the area beneath the curve, instead of being equal to the area. 
Hence, and f 2^080, 

u fl ^1 A r 

whence ^"^^2 

The method of mixtures may be used satisfactorily to find the 
specific heat of a liquid ; the best way to proceed is to have the 
hquid in the calorimeter and introduce a heated solid of known 
specific heat. It cannot be employed in this simple way for gases, 
because of their extremely small density, but Regnault determined 
the specific heat of many gases at constant pressure, by passing a 
continuous stream of gas for a long time through the calorimeter, 
allowing it then to escape, and determining the mass indirectly. 

Regnault 's determination of the specific heat of a gas at constant 
pressure (C’„). The gas is stored in the reservoir V (Fig. 18 ) which 
is surrounded by a w'ater bath, the constant temperature of which 
is observed by a thermometer T, The stream of gas passes through 
the stop-cock S and the regulator R (shown enlarged at the top of 
the figure), which is adjusted during the experiment to keep the 
reading of the manometer M constant. The gas passes through a 
spiral tube immersed in a bath of heated oil the temperature of 
which is observed by a thermometer ; the heated gas then passes 
through the tube at C into a metal vessel inside an ordinary calori- 
meter, escaping finally by the tube D ; the rise in temperature of 
the thermometer during the experiment is observed. From the 
temperature $2 bath, the initial and final temperatures 

01 and 0n of the calorimeter, the mass of water in the calorimeter, 
and the water equivalent of its metal parts, the fall in temperature 
of the gas and the total heat supplied to the calorimeter are ob- 
tained. The mass of gas is found by measuring the pressures 




Fiq. 18. — ^Begnault's apparatus for specific heat of a gas at constant 


pressure. 


p, and P2 of fhe gas in V (by means of a manometer which is not 
shown) at the beginning and end of the experiment, and also the 
corresponding temperatures denoted by T, From a knowledge 
of the temperature and pressure, and the value of the density of 
the gas under some standard conditions, the initial and final 
densities and p2 gm./c.c. are foimd. The original mass of gas 
in F is then piV gm. (where v stands for the volume of V in c.c.), the 
mass left in at the end is and the maes of gas which has 

passed through the calorimeter is (pj — P2) v gm. 

The “ cooling correction ” is more than usually important ; 
actually more heat is gained from the adjacent heater, though it is 
^refully screened, than is lost to the atmosphere. The experiment 
is done in three stages, occupying equal periods of time, say ten 
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minutes. During the first period, the change in temperature of the 
calorimeter when no gas is passing is observed. The gas is then 
passed through for an equal period, and the rise in temperature 
observed. The flow of gas is then stopped, and the change in 
temperature during the third equal period found. The reason 
why two separate “ correction ” timings are required is interesting. 
The loss from the calorimeter to the atmosphere is supposed to follow 
Newton’s Law of Cooling, for the temperature excess is small. The 
gain to the calorimeter from the heater y by conduction and radiation, 
is practically constant. So the rate of change of temperature ddjdt, 
during the first ten minutes can be written - dSldt==c(d - 6^) - O, an 
expression with ttvo unknown constants c and C, The observations 
during the third ten minutes give a second similar equation, 
and the two together are solved to find c and <7. A third similar 
equation is now used for the heating period ; and if 6 stand for the 
average temperature of the calorimeter during this period, the 
average rate of change of temperature during this period, -dOldt 
is given by -ddjdt-c{d^d^- C, and the correction required is 
found by multiplying the average rate of change by the time. 

The specific heat at constant pressure (always denoted by the 
symbol Cp) is then calculated in the ordinary way. 

Latent heat of fusion of ice by the method of mixtures. The 
calorimeter is weighed, about two-thirds fiUed with water at about 
30® C., and weighed again. It is placed in its enclosure on a 
non-conducting stand, and the temperature taken. Small pieces 
of dry ice are added one by one, and the water is stirred until each 
piece has melted before the next piece is added. When the tempera- 
ture has fallen to about 5® C., the thermometer is read. The calori- 
meter is then weighed to find the »mass of ice added. 

I^t W be the mass of water, w the mass of the calorimeter, u the 
specific heat of copper, m the mass of ice melted. Let 0i ®C. and 
Oz ®C. be the initial and final temperature of the calorimeter, and 
L cal./gm. the latent heat of fusion of ice. 

The heat lost by the water in cooling from ®C. to 0^ ®C. is 
W (tfjL - flj) cal. Heat lost by the calorimeter cooling through the 
same range is ws(B^ - B^ cal. 

The heat gained by m gm. ice melting at 0® C. is mL cal. ; heat 
gained by m gm. melted ice (“ ke-wakr *’) in rising from 0® C. to 
^ 2 ® C. is m cal. 
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Now, assuming no heat to have escaped during the experiment, 
we can write r 


heat lost ^heat gained ; 
i-w8(di - ^ 2 ) 

whence L is determined. 

The chief error is probably due to the ice chips not being com- 
pletely dry. They should be kept on a filter paper, pressed lightly 
between filter paper, and transferred quickly to the calorimei«r 
on a bone or glass spatula. Watson recommends the use of a single 
large piece of ice, held below the surface of the water by a stirrer 
carrying a wire-gauze cage. A single piece of ice has a much smalldir 
total surface than the same mass in small chips, and thus can be 
more easily freed of moisture. 

The “ cooling correction ’’ is to some extent eliminated in this 
experiment, for when the calorimeter is above air temperature it 
is losing heat to the surroundings, and when below air temperature 
it is gaining heat. If is as much above the temperature of the 
surroundings as is below, the average rate of loss in the first part 
is equal to the average rate of gain in the later stages. If the 
temperature were to fall at a steady rate, as much time would be 
spent below the surrounding temperature as above it, and loss and 
gain would exactly cancel. It is almost impossible to ensure a 
really steady rate of fall, so that in practice the compensation is 
not exact. 

A further source of error is the condensation of dew on the outside 
of the calorimeter. 

The calculation is simple in the case of ice, for we are able to 
obtain it at its melting point, and the product is water, the specific 
heat of which is kno\m. The method of mixtures can of course be 
applied to substances other than ice. For example, molten metal 
at a known temperature may be poured into the calorimeter, and 
the heat gained by the calorimeter and contents then equals that 
given out (a) by the molten metal in codling to the melting point, plus 
(6) the latent heat given out by solidification at the melting point, plus 
(c) that given out by the solid in cooling to the final temperature. It is 
thus necessary to know the specific heat of both the solid and the 
liquid, as well as the melting point, in addition to the observations 
actually taken during the experiment. 
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Latent heat of evaporation of water (the latent heat of steam *’) 

' by the method of mixtures. In this experiment, a measured mass 
of steam is condensed in a calorimeter containing cold water, and 
the heat given out is measured. There are two chief reasons why 
the experiment as here described does not permit very great accu- 
racy. First, it is extremely difhcult to ensure that the steam passing 
into the calorimeter is dry that is, free from condensed water 
droplets. Also, owing to the large value of the latent heat of 
evaporation, a large rise in temperature may be caused by a rela- 
tively small mass of steam, which it is often difficult to weigh 
accurately. 

The calorimeter is weighed, two-thirds filled with water, and 
weighed again. It is placed in its outer can, and the temperature 
taken. A current of dry steam is blown on the surface of the water 
until a rise in temperature of about 30® 
is obtained. The steam passes from the 
generator through a water trap (Fig. 19) 
designed to obstruct the passage of water 
condensing in the delivery tube from the 
boiler, and any dew-drop ’’ on the end 
of the outlet tube should be carefully 
removed with a piece of filter paper. 

The final temperature of the calorimeter 
is taken after stirring, and the calorimeter 
and contents w^eighed again. 

Let m be the mass of steam condensed, 

W the mass of water, w the mass of the 
calorimeter, and s the specific heat of copper ; let the initial and 
final temperatures be di ®C. and Qg ®C., and the boiling point (found 
after reading the barometer and cdnsulting the graph on p. 6) 0^ ®C. 
Let L be the latent heat of steam at this temperature. Then, 
assuming that no heat has escaped during the experiment, the heat 
lost by the steam in condensing, and by the resulting w'ater (“ steam- 
water ’*) in cooling to the final temperature equals the heat gained 
by the calorimeter and water in rising to the final temperature. 

Heat lost by m gm. steam condensing at 0^ ®C. 

= cal. 

Heat lost by m gm. steam water cooling from ffg to 0^ *0. 
^in{0^ ~ 0g) cal. 
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Heat gained by TT gm. water rising from 6^ to ^3 ®C. 

= W ( 0 g — ffi) cal. ( 

Heat gained by w gm. copper rising from 0^ ®C. to 63 ®C. 
=ws( 0 ^ - ^ 1 ) cal. 

As heat lost = heat gained^ 


mL + m(d2 - ^ 3 ) = TF (^3 - -f - 0^), 
and from this equation the value of L is calculated, as all otner 
quantities are observed. 

In view of the large uncertainty caused by the doubtful dryness 
of the steam, it may be wondered whether the observation of t^e 
true boiling point and the application of the cooling correction are 
really necessary ; but there is no reason to suppose, until it has been 
determined, that the cooling correction is small. 

The correction for cooling may be done as follows. Note the time 
X sec. during which steam is blovTi on the surface, and then note the 
fall in temperature S0 during the next x/2 seconds. The corrected 
final temperature is then (^3 + S0) ^C. This follows from Newton's 
Law of Cooling (which is assumed), for if the rate of fall of tempera- 
ture is proportional to the temperature excess, the rate of fall at the 



Fig. 20. — ^Berthelot’s 
apparatus for latent 
heat of evaporation. 


final temperature ^3 ®C. is twice the average 
rate of fall. The correction required 
= average rate of fall x time 
= i final rate of fall x time 
= final rate of fall x I time 
=^the observed fall in temperature at the 
end of the experiment during half 
the time of the exptrimerU. 

Care must be taken not to get too high a 
final temperature, for this, besides rendering 
Newton’s Law of Cooling extremely in- 
appropriate, greatly increases evaporation 
from the surface. 

The method of mixtures was used jy Ber- 
thelot, using an improved form of apparatus 
(Fig. 20) in which the steam passed down a 
tube T through the boiling w'^ater in the 
generator A (so that it emerged dry, but 
possibly superheated) and was condensed in a 
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separate vessel CD inside the calorimeter, which could be removed 
ind weighed on ^ delicate balance so that the small mass of steam 
condensed could be measured directly. The superheating difficulty 
is to some extent overcome by placing an electric heater inside tho 
generator, instead of using a gas ring B below it. 

Specific heat of a liquid by the method of cooling. The factors 
upon which the rate of loss of heat from the surface of a body caii> 
possibly depend, when the body is supported by non-conducting 
material in an enclosure, are : 

(1) the temperature of the surface ; 

(2) temperature of the surroundings ; 

(3) area of the surface ; 

(4) nature of the surface ; 

(5) nature and pressure of the surrounding gas ; 

(6) nature of the surface of the enclosure ; 

(7) volume and shape of the enclosure, which determine to 
some extent the relative importance of conduction and 
convection through the gas. 

It must also depend, in the general case, on the rate at which 
heat is supplied to the surface from within the body^ that is, whether 
the body is a good conductor or not. For this reason the method 
to be described is unsatisfactory for solids, as Regnault showed 
experimentally. But with a liquid in a thin metal can, we shall 
assume that, o\^ing to efficient stirring or natural convection 
currents in the liquid, this difficulty does not arise. 

Now, whatever be the laws by whi^fc the rate of loss of heat 
depends on these factors (in particular, tvhether Newton s Law of 
Cooling applies or not), if all these factors are exactly the same for two 
bodieSy then the rate of loss of heat from those two bodies must he exactly- 
the same. This is the principle of the “ method of ccx)ling ” for 
finding the specific heat of a liquid such as parafl&n. 

Two thin aluminium cans, of as nearly the same dimensions and 
state of surface as possible, about 2 cm. diameter and 5 cm. long,, 
are w^eighed. One is nearly filled with water and the other with 
paraffin. Each is supported from a large cork or board A by means 
of corks which protrude through A and carry thermometers. After 
assembly, the two cans are immersed in a large water bath main- 
tained at a suitable high temperature, until the two thermometers 
read, say 80 ® C. approximately. The board A is removed from the 

N.A, a 
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(fafer Paraffin 


bath, the cans quickly dried, and 
then placed in m enclosure sur- 
rounded by a large outer vessel of 
cold water (Fig. 21), Readings of 
the two thermometers are started 
at once, and are continued at in- 
tervals of about two minutes until 
both have fallen considerably, say 
both to below 40® C. The cans arc 
Fig. 21. —Method of cooling. then removed, and weighed to fi^d 

the mass of water and of paraf 

A graph of temperature against time is plotted for each caii, 
as Fig. 22. As it is important to consider the cans at the same 
temperatures, we then proceed as follows. Choose two suitable 
temperatures 6^ ®C. and 0^ ""C., and draw lines parallel to the time 
axis to cut the curves at and C, 2>. Drop perpendiculars 

AA\ etc., on to the time axis. Then AV* represents the time 
ti sec. for the paraffin to cool from ®C. to 0^ ®C., and B'D\ the 
time ^2 sec. for the water to cool through the same range. Lei 
nil and be the masses of the cans containing respectively paraffii 
and water, s the specific heat of the metal, and x the specific heat o 
the paraffin. Let M be the mass of paraffin and W the mass of water 



Fig 22. — Cooling curves for water and liquid. 
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Heat lost by paraffin and container cooling from 0^ ®C. to 02 
• = {mi8 + Mx)(0i - 02 ) cal. 

Rate of loss of heat = — - — — cal ./sec. 

h 

Also heat lost by water and container cooling from 0i ®C. to 02 ®0. 

= (mjjS + W) (^1 - ^ 2 ) 

Rate of loss of heat ^ — ??) qqI 

h 

As the two rates of loss of heat are equal, 

{m^8 + Mx) ( 0^ -> 0^ {m^s + Tf ) ( - $ 2 ) 
h t2 

, m^s + Mx m^s + W 

and = ; 

h h 

when the mean value of the specific heat between 0i ®C. and 02 ®C., 
Xy is calculated. 

In this experiment, the chief difficulty is that the water and 
paraffin cannot be stirred. Other defects are that very slight 
variation in the conditions for the two cans causes erroneous 
results, and that it is difficult to observe a rapidly falling thermo- 
meter accurately. It is often recommended that a single large 
calorimeter be used instead of the two small cans, and two experi- 
ments, the fii'st with water and the second with the liquid, dcme 
separately, with proper stirring. The heat capacity of the container 
is a smaller fraction of the total heat capacity in this case. The 
advantage of the method of cooling is that it avoids transference 
and mixing. 

LATENT HEAT* CALORIMETRY 

• 

Bunsen’s ice calorimeter. The density of water at 0® C. is 
nearly 1 gm. per c.c., and that of ice about 0*92 gm. per c.c. The 
addition of 80 calories to a mixture of ice and water causes the 
melting of one gram of ice, and a decrease in volume of 

Measurement of the change in volume by sufficiently delicate 
methods should thus permit the accurate measurement of small 
quantities of heat. This is the principle of Bunsen’s ice calorimeter^ 
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though as usually used, this instru- 
ment is calibrated 4n such a way a>s 
to avoid using an assumed value for 
the latent heat of fusion of ice. 

The calorimeter (Fig. 23) consists 
of a glass test tube A fused into a 
larger cylindrical bulb B, which has 
a glass stem CD fitting into an iifcn 
collar at D. The stem and the lovljer 
part of the bulb are filled with pu 
boiled mercury, and the bulb abo\^e 
the level j8 contains pure boiled watei^, 
A calibrated capillary tube 8 fits 
tightly into a cork in the collar Z). 
A shell of ice aA is frozen on the 
outside of Ay by passing a stream 
of very cold alcohol through A , 
evaporating ether in A, or other 
means. Then the whole bulb is immersed in a vessel of pure 
ice and water, and left for a long time until the whole apparatus 
is at 0® C. Funty of the surrounding ice- water mixture is 
very important, as impurities lower the freezing point, and there 
is the risk then that steady freezing of the water in B will 
occur. 

In an experiment, a little pure water is first placed in A, and 
the instrument is left surrounded by ice and water until the reading 
of the mercury index in iS is practically steady. A mass W of water 
at a known temperature 0^ C. is then introduced, and the number 
of divisions n through which tjife mercury thread moves back is 
observed. The heat given up by W gm. water cooling from 0® C. 
to 0® C. is W6 cal. ; hence the number of calories supplied when 
the mercury moves back one division is WBJn cal. 

A mass M of the substance of which the specific heat x is required 
is heated to a steady temperature tfj® C., and then rapidly placed 
in the water in A. As water just above 0® C. is slightly denser than 
at 0® C., the heat given up by the substance to the water in A is 
conveyed downwards. The number of divisions through which the 
mercury thread moves back is observed, and the quantity of heat Q 
to which this corresponds worked out from the previous calibration. 
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Phis equals the heat given up when M gm. of substance of specific 
leat X cools froni C. to 0^ C., hence 

x-QjMdi, 


The mercury thread is never quite steady, and allowance has to 
)e made for the gradual creep of the thread. This is done by 
)bserving the average rate of creep over some long time before 
md after the experiment, and multiplying this by the time the 
‘xperiment has taken. 

The Bunsen ice calorimeter has been very useful in determinations 
)f the specific heats of substances of which only small quantities 
ire available. It does not depend for its operation upon an accurate 
mowledge of the latent heat of ice. An important precaution is 
jO see that the water in R is quite free from air. There is no 
:juestion of any “ cooling correction ”, since the whole calorimeter 
s always at a steady temperature. 

Dewar’s liquid oxygen calorimeter. This method has been used 
br the determination of mean specific heats between various 
temperatures and the boiling point of oxygen ( - 183® C.). 


Liquid oxygen is con- 
tained in a vessel i? 
Fig. 24) fitted with a 
lelivery tube by which 
the gas generated may 
DC collected over water. 
\ short flexible tube 
?onnect8 the upper end 
rf' B with the tube C 
:ontaining the specimen, 



i^'hich can be introduced 24. — Liquid oxygen calorimeter. 

Into B by raising this 

tube to the vertical position. A vacuum vessel A containing liquid 


oxygen surrounds B, A mass m of substance of specific heat x at 
St known temperature ?® C. is introduced, the volume of oxygen 
collected is measured, and the volume v which this would occupy 


ft 0® C. and 760 mm. pressure, if dry, is calculated. From the known 
density p of oxygen under these conditions, the mass M^vp evap- 
orated is found. If i be the latent heat of evaporation of oxygen 


(its actual value is about 58 cal./gm.), the heat given to the oxygen 
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is ML calories. This is lost by m gm . of a substance of specific heat 
X cooling from C. to - 183® C., whence • 

mx{d + \%Z)^ML and x = - 7 * 

w (0 + 183) 


Here it is impossible to stop a gradual evaporation of tho liquid, 
due to a very slow gain of heat from the surroundings ; the average 
rate of this evaporation is observed, and multiplied by the duration 
of the experiment to give the correction to be subtracted from tlje 
observed volume. In most cases the calorimeter is calibrated bj 
the use of a mass of lead of knovTi specific heat, when the actual. 



Fio. 25. — Joly’s differential steam 
calorimeter. 


value of L is not required. 

Joly’s differential steam calori- 
meter. This apparatus was designed 
to determine the specific heat of a 
gas at constant volume. Two hollow 
copper spheres, as nearly as possible 
equal in all respects, are suspended 
by fine wires from the arms of a 
sensitive balance in a chamber 
into which steam at 100® C. can be 
passed. The wires pass through 
plugs of plaster of Paris in the roof 
of the chamber, and just above 
these are two small electric heaters, 
so that moisture condensing in the 
opening is either absorbed or evap- 
orated and cannot obstruct free 
motion of the wire. Shields to 
prevent water condensed on the roof 
from falling on the spheres are 
attached to the top of the chamber, 
and trays of thin metal are fixed 
below the spheres to catch water 
condensed on the spheres. Fig. 25 
shows the apparatus in detail. 

Both spheres are at first evacuated 
and counterpoised on the balance. 
One sphere is then filled with the 
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gas under test at a pressure of about 22 atmospheres, replaced in the 
steam chamber, find counterpoised again. The difference in weight 
gives the mass m of g§.s enclosed. The steady temperature 6 -^ C. 
of the steam chamber is then observed. Steam is now passed into 
the chamber for about five minutes, after which condensation on 
the spheres is complete. The temperature 62 C. of the steam 
is observed by a delicate high-range thermometer. The balance is 
then counterpoised again, and the further change in weight w is 
found. The mass of steam which condenses in providing the heat 
needed to raise the two equal copper spheres themselves from 
0 ^ C. to 02 C. is the same, so w gives the difference between the 
two masses condensed, that is, the mass of steam the condensation 
of which is due to the enclosed gas. 

The specific heat of a gas at constant volume is always denoted 
by the symbol The heat supplied to raise the temperature 
of m gm. of gas of specific heat from 0 ^ C. to 02 C. is thus wL 
calories, where L is the latent heat of steam at temperature 02 C. 


Hence 

and 


mC^{02-0i)^wL, 

r 


A test for leakage during the experiment is made at the end, 
and corrections are made for : (a) the expansion of the sphere 
containing the gas, both on account of its own rise in temperature, 
and because of the rise in pressure of the gas inside ; this effect 
means that the gas has not really been at constant volume, and has 
expanded and done some external work, so that the value of is a 
little too high on this account, and the correction can be calculated ; 
( 6 ) unequal thermal capacities of the two spheres, which can be 
compensated for in a second expefiment in which the two spheres 
exchange duties. Numerous other corrections of a minor character 
are needed. 


ELECTRICAL CALORIMETRY 

When the terminals of a battery or of the mains supply are con- 
nected by a conducting a current of electricity passes through 
the wire, and we say that it is caused by an electrical pressure 
difference or potential difference (p.d.) The unit of potential 
difference is called the volt. The unit of current is called the 
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ampere. The resistance of the conductor, according to Ohm's law. 
is given by the relation 

resistance in ohms ==p.d. in volts/current in amperes. 

Energy has to be expended (or work done) in order to send the 
-current through the wire ; the source of this is the chemical action 
in the battery, or the work actually being done by the turbines 
which drive the dynamo supplying the mains. The volt is so 
defined that 


rate of working in watts = (p.d. in volts x current in amperes) 
hence, 

energy expended in joules watts x sec, —volts x amp, x sec. 


' A common type of diflSculty exists here ; there is a small difference 
between the value of the volt as thus defined and the legal standard 
{the international volt)^ and between the theoretical and international 
standard values of the ampere. If international volts and amperes 
are used in this equation, the result does not give the energy in true 
joules. To shift the diflSculty one stage further on, the international 
joule, a little larger than the true joule, is used. This point is impor- 
tant, in that it affects the accuracy of all electrical determinations. 

In the ordinary way, the energy expended is converted into heat. 
The number of joules required to produce one calorie is known as 
the result of many careful experiments, some of which are described 
later. This number is called the Mechanical Equivalent of Heat 
(symbol J), or, when it is applied to an electrical rather than a purely 
mechanical supply of energy, the Electrical Equivalent of Heat 
(symbol J, or more usually nowadays J' ; it is proposed to use J 
in this chapter and J' in later discussions of recent w ork). The values 
4*186 joules = 1 calorie, which is a little above the most recent 
determinations, but in general use or, for rougher calculations 
4*2 joules = 1 calorie, will be used in this book for J. 

Thus, when a current of I amp. under a p.d. V volt flows for t sec., 
the energy expended is Vlt joules, and the heat developed is 


Using Ohm’s Law, 


calories. 


F = /iJ and ff=™cal.. 
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so that for a given conductor, the heat evolved in a given time is 
proportional to* the square of the current. Further, for a given 
current, the heat produced in a given time is proportional to the 
resistance ; thus when the current passes through thick copper leads 
of very small resistance to thin wires of nichrome, constantan, or 
platinum of very high resistance, nearly all the heat is developed in 
the thin wires. 

It is important to realise that to measure the energy supplied it is 
not sufficient just to measure the current ; two of the three quantities 
currefrd, potential difference, resistance, must be found. 

Investigation of the cooling of a calorimeter. The advantage of this 
method is that a small steady temperature excess of any desired value 
can be maintained, and the temperatures determined accurately. 

A small copper calorimeter is fitted with a lid through which pass 
two thick copper leads fitted at their tops with terminals, and 
connected at their lower ends by a resistance, R ohms. Holes 
in the lid admit a thermometer E and stirrer F The calorimeter is 
about half filled with water and placed on an insulating stand in 
an outer can. 

The electrical circuit, also shown in Fig. 26, consists of an ammeter, 
a 12- volt accumulator, and a variable resistance or rheostat X, 
by which the value of the current is altered, and there is also a key 
to break the circuit. The current is switched on, and the calori- 
meter eventually reaches a steady temperature, at which the rate 



Fio 26. — Electrical investigation of cooling. 
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of loss of heal to the surrawndings equals the rate at which heat is supplied 
electrically. Then observe the value of the current, /, the tempera* 
ture of the water in the calorimeter, C., and the air temperature, 

PR 

6qQ. Then rate of loss of heat = rate of supply of heat =* -j- cal. /sec., 

d/H. 

and, if the law of cooling is - ^ =k(0- 0^)^, then 

PRIJ^k(0-0o)\ I 

Now, R, J, and k are the same always, so P is proportional to 
{0 - A series of results is taken for different values of the 
current ranging from 0-3 amp. to about 2 amp., and a graph of 
against plotted. The value of the index n is obtainable 

as on p. 46, by plotting a fresh graph of log P against log {0 - 0q) 
and finding the slope of the line. If it is intended to test Newton’s 
Law of Cooling, the first essential is, of course, to see that the 
necessary forced convection conditions are attained. 

Electrical determination of the value of J The calorimeter 
of the previous experiment is used, with a sensitive thermometer 
graduated in tenths of a degree. The calorimeter and stirrer are 
weighed, and the calorimeter is two-thirds filled vith water before 
weighing again. The resistance R is tfien placed in the water, and the 
circuit connected up (Fig. 27). This is the same as in the previous 
experiment, except for one matter. The voltage drop across R 
has to be measured, so a voltmeter is connected across the terminals 
of R* The rheostat X is adjusted to give a suitable current. 
The circuit is then broken, the contents of the calorimeter well 
stirred, the temperature of the water taken, and the experiment 
begun by closing the key, the time being noted. The current is 
passed for, say 20 minutes, and* the ammeter and voltmeter are 
read at intervals, the rheostat being altered to maintain the values 
as nearly steady as possible, and the contents of the calorimeter are 
continuously stirred. The circuit is then broken, the time noted, 
and the final temperature observed. The final temperature is 
corrected for cooling, by observing the fall in temperature at the 
end of the experiment in half the time of the experiment, and adding 
this to the observed final temperature, as explained on p. 56. 

♦ It is advisable first to connect up the circuit without the voltmeter, and 
make sure that a suitable current wiu pass, and after this to connect the, volt- 
meter across the terminals of R. 
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Let VD be the mass of calorimeter 
and stirrer, b tfee specific heat of 
copper, W the mass of water. Let 
6^ ®C. be the initial temperature, 
^2 ®C. the final temperature after 
time t sec., and SO the cooling after a 
further t /2 sec. The corrected rise in 
temperature is then O^) ®C. 

The heat developed is 


R 



(W ^ws){d2 + 86- 6j) calories. 


Fig. 27. — ^Electrical circuit for cal- 
orimetry experiments. 


A correction has to be made to the 

ammeter reading, because this gives the total current in the circuit, a 
small part of which flows through the voltmeter. If V is the volt- 
meter reading and S its resistance, this current, to be subtracted from 
the ammeter reading, is V /S amp. Let I be the corrected current. 
Then, energy supplied in joules is Vlt joules. 

As (W + ws){d2 + 86 - 6i) calories are furnished by Vlt joules, the 
number of joules required to produce one calorie, J, is 


Vlt 

{W + ws ){62 + 86 - 6i) 


joules /caL 


Determination of the specific heat of a liquid. The calorimeter^ 
apparatus, circuit, and observations are the same as for the previous 
experiment, except that the calorimeter contains M gm. liquid of 
specific heat x, instead of W gm. water, and the value of J is known. 
With the same symbols as before, heat supplied electrically is 
Vlt/J cal. Heat gained by M gm. liquid of specific heat x and 
w gm. copper of specific heat a rising from 6i ®C. to (62 + 861) ®C., 
is (Mx + ws )(62 + 86 -61) calories. * Equating the heat supplied to 
the heat gained, 

Vlt 

(Mx + w8){62 + 86-6j)^^, 
whence x is calculated. 

Measurement of the latent heat of evaporation of a liquid. The 
evaporation of a measured mass of liquid at the boiling point by 
the application of a measured quantity of heat is the basis of this 
method, which was used by Henning to find the latent heat of steam 
with high accuracy. 
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Fig. 28. — Henning’s apparatus for 
latent heat of evaporation. 

Reproduced from “ Heal and Thermo- 
dynamics** by courtesy of Dr. J. K. 
Roberts and Messrs Blackie d: Son, Ltd. 


Fig. 28 is a diagram of the appar> 
atus. Water is ^ boiled in the 
cylinder A by means of an electric 
heater B, from which leads to the 
current and voltage measuring 
instruments pass at Z, and 
are electrical thermometers giving 
the temperatures of the liquid 
and the vapour. The steam gener- 
ated, passing down the tube 
(which is fitted with a splash guard) 
can leave by either of two paths 
N' or from the tap at to 
be condensed in vessels K' or X" 
which are surrounded by cold 
water in the vessel G. During the 
measurements everything is steady, 
and before this state is reached the 
steam is condensed in A" ; when 
steady conditions are reached, the 
steam is diverted to K\ and timing 
started. The current and voltage 
are observed, and after a measured 
time interval the steam is switched 
back to The mass of steam 
condensed in X ' is run off at /' and 
weighed. The cylinder A is sur- 
rounded by an air-space in the 
centre of a w'ell-stirred electrically 
lieated oil bath which is maintained 


as nearly as possible at the temperature of A, so that loss to (or 
gain from) the surroundings is very small. The small “ cooling 
correction ” is eliminated by doing a second experiment in which all 
the temperatures are the same, the time is the same, but the rate 
of supply of electrical energy is different. Now, if the temperatures 
are the same the rate of loss or gain of heat is the same, and therefore 
the value of the correction for the same time is the same. 

Let i sec. be the duration of the experiment, and voltage F| 
and the current amp. in the first run, and Fj and in the second. 
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Let the masses of water condensed in the two cases be gm. and 
Le^ ^ latent heat of steam, and h the heat loss in 

each case. 


Then, 

and 




. (Vih-V2h)t 


= (mi-m2)L, 


so 


^ (V,h-V,h)t 
(mi - J 


cal./gm. 


Advantages of the method are : (1) steady temperatures, which 
can therefore be found accurately ; (2) it is applicable to any 
liquid ; (3) by altering the pressure in the apparatus, a wide range 
of boiling points is obtained, and the variation of the latent heat with 
temperature may be studied. A similar principle, but with greater 
refinement of measurement, was used by Osborne, Stimson, and 
Ginnings in 1939 with the electrical apparatus desmbed on p. 243. 

Vacuum calorimeter of Nemst and Lindemann.*^ This apparatus 
is remarkable for three elegant simplificafions : (1) the substance, 
if a metal, is itself the “ calorimeter ” ; (2) the same coil of platinum 
serves both as heater and platinum resistance thermometer ; (3) 
the whole apparatus is enclosed in a vacuum, so that exchange of 
heat with the surroundings is very small indeed.-^ 

Fig. 29 shows the treatment of a metal specimen ; the shaded 
parts — the outer cylinder and the central plug on which the platinum 
coil (insulated by paraffined paper) is wound— are made of the 
material under test. Materials otljer than metals are contained in 
a silver vessel, the platinum wire being wound upon a silver tute 
projecting into the vessel. The calorimeter is suspended by the 
connecting leads in a vessel which has an outlet through which it 
may be evacuated, and the whole is surrounded by a constant 
temperature bath of, say, liquid air contained in a Dewar flask 
(p. 360), or other liquids for different temperatures. After the 
specimen has attained the temperature of the bath, the vessel is 
evacuated and thus thermally insulated. 

The mass m of substance used is found. Then during an experi- 
ment. a current is passed through the heater for time t sec. and the 
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Fig. 29. — Nemst and Lindemann’s vacuum calorimeter. 


P.D. V maintained constant by varying the rheostat ; and Ip the 
initial and final values of the current are measured, and the mtial 
resistance = F //j and the final resistance JSg == F //2 calculated by 
apphdng Ohm’s Law, the small rise in temperature SB being deduced 
from the change in resistance. From the average value 7. of the 
current, the heat supplied, VltjJ cal., is found. Then, if a; be the 
specifi^eat, yit / J = mx 8^ + A, 

where A is a small correction fdr heat lost by radiation^ the only 
means of heat transference possible through the vacuum. Very 
small rises of temperature can be employed, so that the value of 
the specific heat at a particular temperature, Jmstead of the mean 
value over a considerable range, is found. 

The apparatus was chiefly used for measurements at low tem- 
peratures, where the values are needed for theoretical reasons. 
Most low-temperature calorimeters have been based on this design, 
s though for extremely low temperatures two separate coils, a heating 
coil of ccnskt/nian and a lead resistance thermometer, are used 
instead of the single platinum one. 
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Fio. 30. — Callendar and Barnes’ continuous flow calorimeter. 


Continuous flow calorimeter of Callendar and Bames. The 
heatiirg wire R (Fig. 30) stretched between thick copper conductors 
CCy goes along the axis of a narrow tube through which a continuous 
stream of water passes, flowing in at ^ and out at B. The tem- 
peratures dj** C. at A and 6 ^ C. at B are determined by the platinum 
resistance thermometers and Pg* The flow tube is surrounded 
by a vacuum jacket V which reduces the heat loss considerably, and 
a constant temperature jacket W which ensures that this loss is 
steady. The current I through the wire is measured very accurately 
by noting the potential drop across a standard resistance in series 
with P, and comparing this with the e.m.f. of a standard cell. The 
potential difference V across R is also determined by the potentio- 
meter in terms of the e.m.f. of the standard cell, the accuracy in 
these two measurements being of the order of one part in ten 
thousand. When a steady flow of cold water at constant inflow 
temperature passes through the apparatus, and a constant current 
is maintained through P, a steady state is reached at which 
and ^2 constant, and the temperature of every part of the 
apparatus remains steady. The heat capacity of the apparatus 
then does not enter into the calculation, since no heat is being 
absorbed by any part of it.. 

The water flowing through the apparatus in t seconds is collected 
and its mass m found. Let the average value of the specific heat 
of water between the temperatures C. and B^ C. be s, and let 
the heat lost from the apparatus in t sec. be h cal. Then the energy 
dissipated in t sec. ia V It joules, and the heat evolved is 

m 8 {B 2 - ^i) +A calories ; 

ITT* 

so = 

Now, the rate of loss of heat from the flow tube is constant for a given 
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temperature difference between the body and the surroundings* 
If a second experiment is done in which and ^2 are.uiade the same> 
the rate of loss of heat will be the same, and the heat lost in t sec. 
will be h as before. With new values F' and F for the p.n. and 
current, the rise in temperature can be made the same as before by 
suitably adjusting the rate at which water flows through. Let m' 
be the mass of water collected in t sec. (note this is the same time as 
for the previous experiment). Then, 

V*Ft 

— ^ras{e^-e^)+h ( 2 ) 


h is eliminated by subtracting the two left-hand sides and the two 
right-hand sides of equations (1) and (2), giving, if 5 is known, 
the expression for J, 


{vi-rr)t 


joules/cal. 


If J is known, the value of s is found, using 


(F/~FT)^ 

J (m~m')(02-^i) 


cal./gm./ °C. 


Now, if we use the 15® C. calorie, the value of is 1 between 
14*5® C. and 15*5® C., whence the value to be adopted for J is settled 
by an experiment between these temperatures. The value obtained 
by Callendar and Barnes was 4-183 joules per 15® C. calorie. Working 
with different initial temperatures, and using small rises in tem- 
perature, they thus determined the variation of the specific heat 
of water with temperature. Their results have been confirmed 
by later workers. The variation of specific heat with temperature 
is quite appreciable. In terms of^the 20® C. calorie, the values are 
1-0094 at 0° C., 0-9982 at 37-5® Ct (minimum value), rising to 1-0074 
at 100® C. 

Each of the individual measurements in the experiment can be 
made with high accuracy. The temperatures can be determined to 
one ten-thousandth of a degree, and the currents and potential 
differences to about one part in ten thousand. Nevertheless, the 
absolute accuracy of this experiment is limited to that with which 
the B.M.F. of the standard cell used is known in true volts, which 
was probably not to within one part in ten thousand at the time of 
this experiment. 
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This experiment is regarded as the classical example of continuous 
flow calorimetry and it may be well to conclude with a note on the 
advantages of the method. These are : (1) As the temperatures 
are steady, very accurate slow-reading platinum thermometers 
can be used ; these would be useless for changing temperatures. 
Hence small ranges of temperature can be employed. (2) The 
heat capacity of the apparatus is not involved, since no part of 
it experiences a rise in temperature. (3) The ‘‘ cooling correction ” 
is eliminated by doing two experiments. (This is actually not 
complete in its compensation in practice.) 

The method works equally well for gases, which if passing slowly 
down the flow tube are under “constant pressure” conditions. Callen- 
dar and Swann, using apparatus very similar to that of Fig. 30, found 
the value of the specific heat at constant pressure, for several gases, 

VARIATION OF SPECIFIC HEAT WITH TEMPERATURE 

Dulong and Petit’s Law (1819), originally stated that the product 
of atomic weight and specific heat( called the atomic heat) is the 
same for all elements, and approximately equal to 64. Later, 
calculations suggested that the atomic heat should theoretically have 
a value of between 6*0 and 6-2 if calculated on the specific heat at 
constant pressure, and 5*96 if calculated for the specific heat 
at constant volume, and should be practically independent of the 
temperature. But the specific heat does vary with the temperature ; 
and the elements can be divided roughly into two classes : those 
for which the variation with temperature is small, and the atomic 
heat is somewhere near the calculated value, and those for which the 
variation with temperature is large at about ordinary temperatures, 
with values of the atomic heat at these temperatures which are far 
too low. Carbon is an example of the second class (cf. figures for 
the diamond on p. 36). 

The results of Nernst and Lindemann’s experiments showed that 
all solid crystalline elements at a sujficiently high temperature have 
atomic heats which are closely equal to 5-92 ; and that at sufficiency 
low temperatures, all solid crystalline elements behave as carbon 
does at ordinary temperatures, the specific heat falling rapidly as 
tne temperature is reduced below a certain value, and tending to 
the value zero as the absolute zero of temperature ( - 273-2® C.) is 
approached. The reason why carbon and the other exceptions do 
K.H. r 
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not fit in with Dulong and Petit’s Law at ordinary temperatures 
is simply that for these substances ordinary temperatures are 
‘‘ low They do obey the law if they are hot enough. 

Why should this law, which appears so simple, be followed in 
such a “ half-and-half” fashion? Do the very laws of mechanics 
themselves, on which these calculations are ultimately based, vary 
with the temperature? The problem was successfully attacked by 
Debye, using the ideas of the quantum theory, which had been intro- 
duced by Planck in order to deal with similar inconsistencieb 
between ordinary theoretical calculations and the observed reculti^^ 
in certain radiation problems. It is not proposed in this book to 
discuss this theory at length, and the student should refer to one of 
the advanced treatises for information about it. 

According to the kinetic theory, the atoms in a solid are in a state 
of continual vibration. The average energy of vibration is propor- 
tional to the absolute temperature. When a quantity of heat 
energy is supplied to a body, the energy of each ‘udividual atom is 
increased, and the rise in the average energy is manitested as a rise 
in temperature. Working along these lines, it should be possible 
to calculate the quantity of heat energy which must be supplied to 
unit mass of a substance in order to cause a rise in temperature of 
one degree, and so obtain a theoretical value for the specific heat. 
If we take the atomic weight in grams of different elements, this 
weight always contains the same number of atoms, and hence the 
average increase in energy of an individual atom when a certain 
quantity of heat is supplied to one gram-atom is the same for all 
elements ; that is, the atomic heat should be the same for all 
elements. 

But more than at first appeOTs lies behind the term “ average 
energy ”. 

Common-sense suggests that, if the energy supplied to a body can 
be shared equally among all its atoms, then this should happen. 
Thus a given supply of heat should always cause a definite rise in 
the energy of each individual atom, a definite increase in the average 
atomic energy, and hence a definite temperature rise which is the 
same whatever the initial temperature. Thus the specific heat and 
atomic heat should not vary with the temperature. 

When a consistent chain of argument leads, as this does, to a false 
conclusion, the initial premisses must be suspect. Here common- 
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TABLE OF SPECIFIC HEATS 


Substance. 

Temperature 

(“C.). 

Specific Heat 

Solids 





Aluminium 

• 

. 

-240 

00092 




0 

0*21 




600 

0-282 

Copper 

- 

- 

-250 

0-0035 




0 

0-091 




975 

0-095 

Iron - 


- 

- 133 

0-077 




0 

0-105 




97*6 

0-114 

Lead - 

- 

- 

-250 

0-0143 




0 

0-030 




300 

0-034 

Glass - 

. 

- 

18 

0-19 

Rubber 

- 

- 

15-100 

0-27-0-48 

Liquids 





Mercury 

- 

- 

20 

0-033 

Alcohol 

- 

- 

0 

0-55 

Paraffin 

- 

- 

20-60 

0-51-0-64 

Glycerine • 

- 

- 

18-50 

0-58 

Saturated brine 

- 

- 

15 

0-72 




Ov 

C, 




(spf ht. at con- 

(sp. ht. at con- 




stantpressure) 

stant volume) 

Gases 





Air 

- 

- 

0-24 

0-17 

Hydrogen - 

- 

- 

3-42 

2-40 

Argon 

- 

- 

0127 

0-075 

Carbon dioxide 

- 

• 

0-20 

0-166 


From Kaye and Laby’s “ Physical and Chemical Constants ”, 
(9th edition, 1941) (Longmans, Green & Co. Ltd,), 


sense has made an important assumption — that it is possible to 
divide a quantity of energy exactly into any number of equal shares. 
But supposing energy is itself conveyed in discrete indivisible quanta 
finite size, this cannot happen. 

The quantum theory explanation finds expressions for the statis- 
tical distribution of the quanta supplied among the atoms eligible 
to receive them, and arrives at a value for the average rise in the 
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energy of the atoms in this way. This value does vary with the 
temperature, and leads to specific heat values whiclj vary as experi- 
ments find. For each substance there is a temperature above which 
there is little difference between the quantum theory and ‘‘ common- 
sense ” predictions, and we have seen that at high temperatures the 
simpler treatment does agree fairly with experiment. 

In the table on p. 75 are figures shoving the way in which the 
specific heats of some of the common metals vary with the temr 
perature. ' 


QUESTIONS ON CHAPTER II 

1. Give definitions of the specific heat and the latent heat of fusion 
of a solid. Explain whether or not the numerical values of these 
quantities will change if your measurements are made in pounds and 
degrees Fahrenheit instead of grammes and degrees centigrade. 

Describe how you would measure the latent heat of vaporization of 
alcohol, showing how you would make your calculations from your 
observations. (O.) 

2. Explain the difference between specific heat and thermal capacity. 

In an experiment, 30 gm. of granite were placed in a test-tube that 

was heated by standing in boiling water. The granite was transferred 
to a calorimeter weighing 50 gm. in which there were 35 gm. of water 
at 10° C. The temperature of the water rose to 25° C. Find (o) the 
specific heat of granite, and (6) the thermal capacity of the granite used, 
l^at errors are likely to have been introduced during the experiment ? 
K you were performing the experiment how would you seek to minimise 
the errors ? (Specific heat of copper = 0- 1 . ) (Scot .Leav. Cert. ) 

3. Describe an experiment to determine the specific heat of a solid 
which is soluble in water, carefully explaining how you would calculate 
your result. 

A piece of aluminium of mass 0-5 lb. and specific heat 0-25 is left for 
a time in a gas oven heated by a steady burner. The aluminium is then 
taken out and immediately dropped into 5 lb. of water contained in a 
copper can of water equivalent 0-05 lb. The temperature of the water 
rises from 59° F. to 81*5° F. Neglecting any steam produced at first, 
calculate the approximate temperature of the gas oven. (J.M.B.) 

4. Define “ latent heat of evaporation 

10 grams of ice in a closed vessel are melted by sending in steam 
slowly at 100° C. Find the quantity of water present when the last of 
the ice has just melted. 

(Latent heat of water = 80 cal./gm. ; of steam = 536 cal-/gm.) (O.S.) 

6. Specific heats are frequently determined by using a thermos flask 
instead of a copper calorimeter. Describe how you would find the 
specific heat of lead shot in this way, explaining carefully why the 
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procedure is di^erent from that suitable to an experiment using a copper 
calorimeter. (O.S.) 

6. Describe how you would measure the latent heat of evaporation of 

petrol and the latent heat of fusion of naphthalene. (O.S.) 

7. Draw a labelled diagram to illustrate an experiment for deter- 
mining the latent heat of vaporization of water. Do not describe the 
experiment, but state the probable sources of error, and show how the 
result would be calculated from the experimental data. 

Water in a vacuum flask is boiled steadily by passing an electric 
current through a coil of wire immersed in the water. When the 
potential difference across the coil is 5-25 volts and the current through 
it is 2*58 amp., 6*85 gm. of water evaporate in 20 min. When the 
potential difference and the current are maintained at 3*20 volts and 
1-57 amp. respectively, 2-38 gm. of water evaporate in 20 rnin., all the 
other conditions being the same. Calculate the latent heat of vaporiza- 
tion of water in joules per gm. (J.M.B.) 

8. The temperature of a furnace is found in the following way ; A 
copper sphere of mass 100 gm. is left in the furnace imtil it has attained 
the temperature of the latter. It is then dropped into a copper calori- 
meter of mass 150 gm., containing 200 gm. of water, initially at 16® C. 
The final common temperature is 38® C., and on weighing the whole 
there is a loss of 1*2 gm. of water. Calculate the temperature of the 
furnace. ' (Specific heat of copper, 0*1 ; latent heat of steam at 100® C., 
536 calories per gm.) 

Describe in detail an acciirate method of determining the temperature 
of the furnace, (O. & C.) 

9. What is meant by the specific heat of a substance ? 

Describe how you would determine the specific heat of a solid such 
as copper (a) at room temperature, (6) at a temperature between 0® C. 
and - 20® C., discussing possible errors and corrections. (O. & C.) 

10. Define latent heat of evaporation and describe how you 
would attempt to find its value as accurately as possible in the case 
of 'water. 

Indicate also a method for the case of a liquid which is available only 
in limited quantities, , (O. & C.) 

11. Describe and explain a method* of determining the latent heat of 
steam, and point out any precautions which are necessary in order to 
obtain an accurate result. 

A copper calorimeter weighing 100 gm. contains a mixture of 10 gm. 
of ice and 100 gm. of water at 0® C. Steam at 100® C. is passed into 
the mixture until the final temperature of the calorimeter and its 
contents is 10® C. Determine the mass of steam which has been passed 
into the calorimeter. 

> (Latent heat of steam = 540 cal./gm. Latent heat of ice = 80 cal./gm. 
Specific heat of copper = 0*1.) (C.W .B.) 

12. Explain the uses and the advantages of some accurate form of 

ice calorimeter. Show how quantities of heat can be calculated from 
the observed readings of the instrument. (O.) 
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13. What are the principal sources of error in the determination of 
specific heat by the method of mixtures ? Explain briefly how the errors 
are minimised. 

Equal volumes of water and paraffin are allowed to cool under the 
same conditions in the same calorimeter and the time-temperature 
readings are given in the following table : 

Time (min.) - -01 2 3 4 6 

Temp, water (°C.) - 60-4 57*6 65*3 53*4 61'8 50*5 

Temp, paraffin (®C.) - 60*2 65*9 52-2 49-1 46-2 43*6 

Draw graphs of temperature (ordinates) and time (abscissae) for botjh 
liquids. If the thermal capacity of the calorimeter is 10-5 cal. deg.~^ Ciy 
the mass of the water 85-6 gm. and that of the paraffin 68-4 gm|) 
calculate the mean specific heat of paraffin between 51° C. and 57° C. 

(J.M.B.) 

14. Steam at 100° C. is passed into 100 gm. of a mixture of ice and 
water in a calorimeter of water equivalent 5 gm. When the ice has 
just all melted the weight is found to have increased by 5 gm. due to 
condensed steam. Assuming no loss or gain of heat from the surround- 
ings, find (a) what weight of ice was present when the condensation 
•of steam began, (6) the rise in temperature if the passage of steam is 
continued until a further 5 gm. has condensed. 

E^lain why in an actual experiment if the passage of steam were 
continued the weight would still go on rising even after the temperature 
of the mixture had reached the boiling point of water. 

(Latent heats of steam and water = 540 and 80 calories per gram 
respectively. ) (C . ) 

15. Describe and explain how the mean specific heat of a solid over 

a range of temperature between 0° or room temperature and about 
100° C. can be accurately determined by two methods, the first of which 
depends on the melting of ice, and the second on the condensation of 
steam. (C.W.B.) 

16. Describe in detail how you would determine the specific heat of 

a liquid by the method of cooling, showing how to calculate the result 
from the measurements you would^make. (O.) 

17. Describe the Bunsen ice-calorimeter and discuss its merits. 

The capillary tube of such a calorimeter has an internal diameter of 

0-4 mm. When a piece of metal of mass 0-5 gm. heated to 100° C. is 
dropp^ into the calorimeter, the mercury meniscus moves 4 cm. 
What is the specific heat of the metal? (Specific gravity of water at 
9 C. = 1*000, that of ice at 0°C. = 0*917; latent heat of fusion of 
ice = 80 calories per gram.) (Q, % C.) 

18. Describe Bunsen’s ice calorimeter and explain how you would 
use it to find the specific heat of a diamond. 

4 gm. of a substance at 50° C. dropped into the ice calorimeter caused 
the merely thread in the capillary tube to move through 5*4 cm. The 
cross-sectional area of the tube was 0*005 sq. cm. 1 gm. of ice occupies 
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1*09 c.c. and the latent heat of fusion ot io© is 80 calories per gm. 
Calculate the specific heat of the substance, (O.J 

19. State Newton’s Law of Cooling, and describe how you would 
attempt to verify it experimentally. 

Two solid spheres, of radii and rg, are made of the same material 
and have similar surfaces. The spheres are raised to the same tempera- 
ture and are then allowed to cool imder identical conditions. Compare 
(a) their initial rates of loss of heat, (b) their initial rates of fall of 
temperature. (O. & C.) 

20. Deduce an expression for the heat which the passage of a steady 
current develops in a conductor. 

A resistance coil through which a variable current can be passed is 
immersed in a calorimeter containing water. Explain how you would 
use the apparatus to investigate Newton’s law of cooling. (O, & C.) 

21. State Newton’s law of cooling, and explain how you would test 
it experimentally. 

A copper calorimeter of mass 100 gm., containing 150 c.c. of a liquid 
of specific heat 0*6 and specific gravity 1-2, is found to cooi at the rate 
of 2® per minute w^hen its temperature .. 50^ above that of its surround- 
ings. If the liquid is emptied out, and 150 c.c. of a liquid ot specific 
heat 0*4 and specific gravHit5^ substituted, what will be the rate 

of cooling wh(‘ri ilio temperature is 40° above ^hat oi the surroundings? 
(Specific heat of copper = 0*1.) (O. & C.) 

22. State Newton’s law of cooling, and describe an experiment by 
which you could verify it. 

A calorimeter containing first 40 and then 100 grams of water is heated 
and suspended in the same constant-temperature enclosure. It is 
found that the times taken to cool from 50° to 40° in the two cases are 
35 and 33 minutes respectively. Calculate the water-equivalent of 
the calorimeter. (O. & C.) 

23. State Newton’s law of cooling, pointing out the conditions tmder 
which it is likely to hold. 

Describe how you would carry out an experiment to test it, and 
explain carefully the purpose of the parts of your apparatus and how 
you would use the observations you would make. (O.) 

24. What is meant by the latent heat of vaporization of a substance? 
2 gm. of iron wire at 15° C. are dropped into liquid oxygen maintained 
at its boiling-point in a thermos flask. The volume of oxygen, measured 
at 16° C. and 80 cm. of mercury pressure, driven off is 432 c.c. Find 
th(? latent heat of vaporization of oxygen. 

The specific heat of iron may be taken as 0*09, the boiling-point of 
oxygen as ~ 184° C., and the density of oxygen at normal temperature 
and pressure 0*0014 gm, per c.c. (O. & C.) 

25. A thermos flask contains liquid oxygen at its boiling-point, 
25-2 gm. of mercury at room temperature, 21*5° C., are allowed to 
enter the liquid oxygen, and the gaseous oxygen produced is found to 
have a volume of 3068 c.c, under room conditions (the barometric 
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height is 74 8 cm. of mercury). Calculate the latent heat of fusion of 
mercury, assuming that a surface of liquid oxygen remains in the flask. 
(Specific heat of liquid mercury - 0*034 cal. per gm. per ®C. 

Specific heat of solid mercury • 0*030 „ „ „ 

Freezing point of mercury - - - 38*8® C. 

Latent heat of evaporation of oxygen 68 cal. per gm. 

Boiling point of oxygen ... - 182*9° C. 

Density of oxygen at s.t.p. - - 1*429 gm. per litre.) (L.) 

26. A current of 4 amperes passes through a coil of wire immersed 
in 100 gm. of turpentine contained in a calorimeter. If the potent^ 
difference between the ends of the wire is 1*5 volts, calculate the rise 
in temperature of the calorimeter and its contents which takes plaip 
in three minutes 

(Water equivalent of calorimeter = 10 grammes; specific heat of 
turpentine = 0*42 • J = 4*2 joules per gramme-calorie.) (C.W.B.) 

27 A cylinder of copper has an electric heating filament inside it, 
so that it may be heated by passing a current. After the temperature 
had been raised the current was switched off and the copper allowed 
to cool. The following observations were made of the temperature 
at 20-second intervals . 

86*0®, 70 0®, 60 0®, 61*7®, 44*5®, 38*5® C. 

The current was again switched on and adjusted to 3*5 amperes in 
order to keep the cylinder at a constant temperature of 53® C. 

If the specific heat of copper is 0 095 cal. per gm. per deg. C,, and the 
mass of the cylinder 200 gm., what is the resistance of tlie heating 
filament? 

(Take the value of J as 4*2 joules per calorie. Graph paper is 
available.) (L.) 

28. What are (a) the advantages and (b) the difficulties of the con- 
tinuous flow method of calorimetry ? 

Describe in some detail how this method may be used to determine the 
latent heat of steam at atmospheric pressure. (J.M.B.) 
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EXPANSION OF SOLIDS AND LIQUIDS 

Ijtcreasing the temperature of a rod causes it to expand, that is, 
to increase in length and thickness. The observed expansion in 
length must be proportional to the length of the rod ; for if a rod 
one metre in length expands by one millimetre, two such rods placed 
end to end to make a rod two metres long expand by two milli- 
metres. It is found that, at least within the accuracy of ordinary 
observations and within the range of temperature of most ordinary 
experiments, the expansion is nearly proportional to the temperature 
rise. The expansion also depends on the material of the rod ; when 
equal lengths are heated through the same difference in temperature, 
it is found that the expansion of iron is about two-thirds that of 
brass and about half that of zinc. In the light of these facts, rules 
for dealing with the linear expansion of a rod can be stated. 

Let the length of a rod at 0® C. and f C. be Iq and I respectively. 
Then 1==Iq(1 where a is a ‘‘constant’’ for the particular 
material concerned, called the coeflacicnt of linear expansion (C.L.E.) 
of the material. The formula given above is only approximately 
true ; for most substances a formula containing and fits the 
results of accurate observation more closely — or we can say that 
a itself varies with the temperature. The value defined by the 
above equation is really the mean value between 0° C. aud f C. 
0 / the coefficient of linear expansion. 

In most problems on expansion, we require the change in length 
when a rod is heated betw^een two temperatures neither of which is 
0° C. 

Let Iq be the length at 0^" C., li the length at C., and l^ the 
length at C. 

It is easy to show that, if a itself is small, and does not vary 
greatly with the temperature, there is no very considerable difference 
betw^een 

(а) the mean c.l.e. between 0® C. and C. ; 

(б) the me^n c.l.e. between 0® C. and C. ; and 
(c) the mean c.l.e. between f^® C. and ( 2 ^ C. ; 

81 
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providing that the temperature difference ~ ^i) is not too great. 
If we accept the equality of a for both (a) and (6), 

and i 



If we also write a for (c), we can say , 

“^i)] (i|) 

Simplifying equation (i), l\ 


^2/^1 ~ (i + (1 + 

Now, if we expand (1 +a/i)~^ by the binomial theorem, 

(1 + = 1 - afj + oc\^ - oc\^ . . . , 

continuing with higher powers of ; and if is so small that 
oi:\^ and higher powers of oct^ can be disregarded, (1 + = (1-a^i), 

as a close approximation. 

^ 2/^1 — (1 + a/o) (1 ~ Oit l)y 

or, I 2 /I 1 ~ [1 + a (fg ~ ^ 1 ) ~ a^M2]- 

Again, as is a small quantity of the same order as 0 .%^, 

hlh [i^ + * (^2 ~ )] • 

or, 

which is equation (ii). 

Equation (i) simplifies to (ii) as an approximation if both a/^ 
and atg are so small that their squares and higher powers can be 
neglected, and for all practical purposes we shall use the formula 
Z 2 = ?i[l +a(fg using w^hatev^r value of the c.l.e. is given as 

the mean value between C, aiid /g® C. The notation is simplified 
by letting Iq stand for the original lengthy I for the length at the 
higher temi)erature, and t for the temperature rise, when this equation 
will be written J = io(l+af). In any experiment between two 
definite temperatures to determine a, there is of course no doubt 
as to what is being found ; it is definitely the mean c.l.b. between 
these two temperatures. 

We can assign a meaning to the term actual coefficient of 
expansion at C.” Let a small rise in temperature firom C. 
to (f + Uy C. cause an increase in length from I to f -f 8i. Then 
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l + Sl=‘Hl+e^)t where a is the mean coefficient over this small 
interval. 

• - 1 ^ 

•• 

or, in the limit, when SI and St are extremely small, 

1 ^ 

* I dt' 

which gives the actvjal C.L.E. at f C. 

1 dt 

The zero coefficient of expansion is a = ~ 3= , where Zn is the length 
atO»C. 

It should be noticed that the difference between the values of 
the mean coefficient determined over different temperature ranges 
is a matter of experimental observation. 

The difference in value between the actual coefficient and the 
zero coefficient is a matter of arithmetical reckoning ; as neither 
of these two values is independent of the temperature, we cannot say 
that either is the ‘‘ right ’’ way of reckoning. 

Supposing 7 ^ is a constant, then integrating gives 
Cq at 

I^Iq (1 +<x.zi), where is the value at 0® C. ; the length increases 
by eqtud amounts for equal temperature increases, or by the law 
of “ simple interest 

Supposing 7 is a constant, integrating gives 
t at 

where again is the value of I when < = 0 ; the length increases by 
equal fractions of the existing length for equal temperature rises, or 
by the law of ‘‘ compound interest. 

Expanding the second equation gives 

1 = lo ( 1 + ««< + ■ " + higher powers of ocjtj ; 

but if a.Jt is so small that and higher powers can be neglected, 
this approximates to +aaO> whence no distinction between 

and need be made in practice for all ordinary purposes. 

To sum up : 

(1) We nha H define the coefficient of linear expansion of a material 
as increase in length of unit lengOifor unit temperature rise. 

(2) We shall always use the values provided in problems as the 



84 


A TEXT-BOOK OF HEAT 

mean valttes between the temperatures concerned ; and remember that 
in experiments we are determining the mean values between tha 
initial and final temperatures, 

(3) We shall use the formula Z=Zo(l+aO, where denotes the 
original length, I the final length, t the rise in temperature, and a 
the mean coefficient of expansion over this range. 

(4) We shall be prepared to distinguish if necessary between mean 
values and the actual valve at any temperature y and between the 
coefficient based on the increase in length of unit length at the Ig-w 
temperaturCy and that based on the increase in length of unit len^i 
at 0® C., meanwhile remembering that for all practical purpose)^, 
except for very large temperature changes, these distinctions are 
so small as to be unnecessary. 

TABLE OF COEFFICIENTS OF LINEAR EXPANSION, 


per C. degree. 


Aluminium - 

0 0000255 

Most glassas, about - 

. 0 000008 

Copper 

00000167 

Pyrex 

- 0 000003 

Load 

0 0000291 

Fused silica 

- 0-0000006 

Platinum 

0-0000089 

Many woods. 


Zinc 

0-0000263 

along grainy about 

- 0-000004 

Brass - 

0-0000189 

across grainy about 

- 0-00005 

Iron (cast ) 

0-0000102 

Invar steel, with i>6% 


Wrought iron, 


nickel - 

- 0-0000009 

steel, about 

0-000012 

Other kinds of invar 

steel, with co- 


efficients -0 0000003 to 0-0000025 
are made. 

The value of the coefficient of expansion does not depend on the 
unit of length used ; one centimetre heated one degree expands 
a cm., 1 ft. heated one degree expands a ft., and so on. But as one 
Fahrenheit degree is 5/9 centigrade degree, the Fahrenheit co- 
efficients are obtained from the above by multiplying by 5/9. 

It will be noticed that the values of the coefficients of linear 
expansion for all materials are very small, of the order of ten to 
twenty parts in a million for most metals, and also that the values 
both for fused silica and invar steel are considerably less than one 
part in a million. 

Detenxunation of the coefficient of linear expansion of brass (mean 
value between air temperature and 100® C.) From the value of a given 
in the table, it can be seen that the expansion of a rod one metro 
long is of the order of one millimetre for a rise in temperature of 
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^0 centigrade degrees. Such a change is very difficult to measure 
mth accuracy. There are two methods of attack in simple experi- 
[iients in which one end of the rod is fixed and the other free to 
inove. The first is to magnify the displacement of the free end of 
the rod by some mechanical or optical device, and the second is to 
use refined measuring instruments to observe the expansion directly. 
One simple experiment of each kind will be described, and its 
defects discussed. 





Fig. 31. — Simple expansion apparatus. 


Roller-lever method. In Fig. 31, is a hollow tube of the 
metal, firmly clamped at C. The free end moves over a cylindrical 
roller It (a very fine needle) to which is attached a thin pointer P 
moving over a protractor scale graduated in degrees. It rolls 
freely on a glass plate, and firm contact between the tube and the 
roller is secured by hanging a weight on a loop of thread over the 
tube. The distance CR (Iq) is measured, and the air temperature 
/i® C. taken, and the initial reading 0i of P on the protractor scale 
observed. Steam is now passed through the tube, until it has 
been issuing freely from the end B for some time, and the pointer P 
is quite steady, when the final reading 02 is taken. The barometer 
is read, and the true temperature of the steam, ( 2 ° C., determined 
from the graph of p. 6. Finally, the diameter d of the roller R 
is determined at several points using a micrometer screw gauge 
reading to 1 /lOO millimetre, and the average taken. The calculation 
then proceeds as follows. 

In order to rotate the roller once if it were fixed in a bearing, the 
rod would have to expand through one circumfe ence, nd, of the 
roller. But as the roUer is free, it rolls forward through one cir- 
cumference, by a distance nd ; hence the expansion of the tube for 
one rotation of the roller is 27rd, twice as much as one would at 
first suppose. The angle turned through by the roller is {0^ - 


degrees, and this is 




revolution. 
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The expansion is then 2?rc2 


360 


cm. 


The temperatiire rise, U is {t^ - C. degrees. 

Now a is the increase in length for unit length for unit temperature 
rise, that is, a=*expansion/(length x temp. rise). 


27rd ( ^2 ~ 
Zo(^2"-^i) x360 


As to accuracy, Zq and the temperature rise are not the decidilng 
factors. For if Z^ is 50 cm., and it is measured to the nearest 
millimetre, the error is 1 in 500, and if Z is 80 C. degrees and it |s 
measured to 1° the error is 1 in 160. 

We know the expansion is somewhat less than one millimetre, so 


0-1 X approx.. 


Increasing ($2 - ^i) so that it may be more accurately measured 
means decreasing cZ, with a larger proportional error. If d =0-1 cm., 
with an error of one part in a hundred, (^2 “ ^ 1 ) involving 

tux) measurements each of which may be in error by half a degree, 
has an error of one part in 57. If the roller diameter is halved, the 
proportional error in d is doubled, w^hile the value of (^2 ~ ^ 1 ) is 
114®, and its error is halved to one part in 114. In the first case, 
the total error in finding d(tf 2 -^i) is or 0-0275; in 

the second case it is or 0 028. There seems no way of 

reducing this error much below 0-028. The total error is 1 in 600 
(or 0-002, as a decimal) for Zq, 1 in 160 (or 0-0063) for Z, and 0*028 
for d(^ 2 ’“^i)> giving a total of 0-002 +0-0063 + 0-028 or, 0-036, 
which is 3-6 per cent. • 

We have liere left out of account several iiyxdctdabk uncer- 
tainties ; the average temperature of the tube is somewhat below 
the temperature of the steam, the stand itself expands, and the 
roller may possibly slip slightly. These add a large uncertainty 
to the result. 

It is interesting to compare the accuracy of this experiment 
with the relatively simple experiment which follows. The ingenious 
roller device simply means that we have to measure a small length 
(the diameter of the roller) with a precision instrument, and then 
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superimpose a large protractor error. It is far better in principle 
to measure the expansion directly, A similar criticism applies to 
iill mechanical lever and optical lever devices ; the sensitiveness 
js increased by increasing the long arm of the lever, but the accuracy 
is limited by the certainty with which the short arm of the lever 
can be measured. 

Using a micrometer screw gauge. The specimen is in the form 
of a thin tube, closed at both ends, with side tubes for the passage 
of steam. The tube is lagged with asbestos rope, and its lower 
end rests on a glass plate. At the top, an ebonite platform supports 
the three legs of a spherometer, the central micrometer screw of 
vvliich can be screwed down to make contact with the expansion 
tube. As it is difficult to see exactly when contact is made, the 
spherometer and specimen are included in an electric circuit con- 
taining a high resistance and a galvanometer (a voltmeter enables 
the resistance to be dispensed with). Fig. 32 illustrates the 
apparatus. 

Measurements of the cold length of the tube, the air temperature, 
and the high temperature, are made as before. To measure the 
expansion, the spherometer is screwed down so that the galvanometer 


just indicates contact, read, and 
then screwed back several turns 
to allow for the expansion. 
After steam has been passing 
steadily through for some time, 
the spherometer is screwed up 
to make contact again, and the 
reading taken. This is repeated 
after some minutes more, and if 
any increase is noted, repeated 
again until the reading is steady, 
showing that expansion is com- 
plete. 

The calculation a = expansion/ 
[original length x temp, rise) is 
performed as before. 

While the accuracy of measur- 
ing /q and t is the same as in the 
last experiment, the expansion. 



Fig. 32. — Micrometer screw expan- 
sion apparatus. 
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which is of the order of a millimetre, is certainly determined to 
within O'Ol mm., that is, to one part in a hundred. The maximum 
possible error due to the measurements is then 0*002 + 0*0063 + 0*01 = 
0*0183, say 1*8 per cent. Lagging the tube, and the method of 
assembly of the apparatus, reduce uncertainties as to incomplete 
heating and expansion of the stand. 



Comparator method. This is a standard precision method for 
specimens in the form of a bar or tube. The specimen is held 
horizontally so that it can expand freely at both ends. Two 
scratches are made near the ends. Tw'o travelling microscopes 
each with an eyepiece micrometer, mounted on heavy stone slabs, 
are used to observe the position of each mark. The arrangement 
of the apparatus is shown in Fig. 33. The bar is placed in a constant 
temperature bath at the low temperature, and the length measured ; 
the microscopes are focussed on the scratches. Then the bar is 
placed in a bath at the high temperature, and the microscopes again 
focussed on the scratches ; if the reading of one microscope has 
changed by x cm., and the other by y cm., the total expansion of 
the bar is {x^y) cm. To check that no expansion of the support 
has occurred, the low-temperature reading is repeated at the end. 
From the rise in temperature, the e^ansion, and the value of the 
cold length, a Ls calculated as in the simple experiments* 

Fizeau's optical interference method. When a thin parallel 
film of air enclosed between two parallel transparent plates is 
illuminated by hght from an extended source falling practically 
perpendicularly (though with slight variations in the angle of incidence 
at different parts of the beam) on the film, an inteTference paUcTtii 
' consisting of concentric coloured rings, or, if monochromatic light 
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of one wave-length A is employed, of concentric bright and dark 
rings, is observed. The bright rings occur when the optical path 
difference between the waves reflected at the top and the bottom 
of the thin air film is a whole number of wave-lengths, so that the 
two are exactly in step ”, and the dark rings occur when the 
optical path difference is i, 11, 2J...etc. wave-lengths, so that 
the crest ” of one wave emerges in step with the “ trough ” of 
another, and the two waves annul one another. The full explana- 
tion of the production of the rings is more difficult than is often 
supposed, and will not be attempted here. But the principle of 
the experiment can be understood from the following argument. 

Number the bright rings, 1, 2, 3,* 4 ... out from the centre. 
Suppose that slight differences in obliquity cause optical path 
differences of A, 2 A, 3 A, 4 A, ... etc., when these rings appear in 
the positions B, C, D, ... respectively. Now suppose that the 
thickness of the film is reduced. The whole pattern expands, and 
for a certain new value of the thickness, ring 1 appears at B, 
ring 2 at C, ring 3 at jD, and so on. That is, the optical path 
difference at B has been reduced from 2A to A, that at C jfrom 3A 
to 2A, that at D from 4A to 3A, and, as the wave which is reflected 
at the bottom of the film has traversed it twice, it can be seen that 
the change of thickness of the film must be exactly half a wave-length, 
or A/2. Thus, if the centre of one bright band is displaced by such 
a distance that it falls in the position previously occupied by the 
adjacent bright band, the film thickness has been reduced by half 
a ^\'ave-length ; fractions of a band separation are of course esti- 
mated. The wave-length of the yellow lines of sodium is about 
0 0(X)059 cm., and of the green line from the mercury arc about 
0-00(X)55 cm. We thus have a method of measuring directly small 
displacements to at least 1/30,000 ’em., even counting only to the 
nearest whole band shift. The method w'^as applied by Fizeau and 
subsequent experimenters to the determination of the coefficient 
of expansion of crystals. 

The specimen P (Fig. 34), in the form of a flat q D 

polished plate of measured thickness (a few’ milli- I / p / j 
metres) rests on a flat metal plate "AB, w^Hich also a B 

^'^upports an optically worked glass plate CD 
very close to the upper surface of P. The in- 34.—Fizeau’s 

terference pattern due to the thin film of air expansion method. 

X.ll. Q 
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between P and CD is observed at the low temperature. The shif) 
of the bands as the thickness of the air film changes when the whol(^ 
apparatus is heated through a known temperature rise is observed ; 
this is due to the difference between the expansion of the crystal and 
that of the screws supporting (7Z>, for which allowance must be made. 

Superficial and cubical expansion. The coefELcient of superficial 
expansion is the increase in area of unit area for unit temperature 
rise. We shall denote this by a^. i 

The coefficient of cubical expansion is the increase in volume iipf 
unit volume for unit temperature rise. We shall call this a^. | 

Substances which have the same properties in all directions am 
called isotropic. Many crystals, and substances such as wood, do 
not have the same properties in different directions, and these are 
said to be anisotropic. 

For an isotropic solid, if a be the coefficient of linear expansion, 
a 3 = 2 a, and ac==3a approximately, and sufficiently closely for all 
practical purposes. 

Consider a cube of unit side heated through a rise of t degrees : 



Length 
of side. 

Area of face. 

Volume of cube. 

At low temperature 

1 

1 

1 

t^ higher 

Now, if a is of the 
order 10”® and t of 
the order 10*, orf is 
of the order 10”*, 

( 1 4- at) 

(1 + at)* 

— 1 + 2at "h a*t* 

(1+at)* 

= 1 + 3at + 3a*t* + a»t* 

and, neglecting 


a*t* of order 10”® 

a*t* of order 10”® and 
a*t**of order 10~® 

we can write 

The increase per 
unit for rise is 

l + arf 

^ 1 + 2(xt 

1 + Sat 

then 

at 

2af 

Sat 

and the increase per 




unit for V rise is 

a 

2a 

3a 


Hence a,==2a, and ac = 3a, approximately. 


For anisotropic solids, the coefficients of expansion may be 
different in different directions. Suppose unit cube of such a 
material to have coefficients of linear expansion <* 2 , oe*, and along 
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three edges at right angles to one another ; the volume at f C. 
is (1 + a^) (1 + aa^) (1 + oL^t). By multiplying out, and neglecting the 
products oLiOL^y etc., and the volume is [1 +(ai +a 2 + a 3 )^] 

for all practical purposes, whence =ai + aj + « 3 * 

X-ray methods for crystals. The atoms or ions in a crystal are 
arranged in a regular pattern in space, and can be regarded as set 
in a series of parallel planes, the distance between successive planes 
being called the lattice spacing. There are, of course, several 
different directions in any given type of crystal along which these 
lattice planes can be found. 

The lattice spacing d for a given set of lattice planes in a crystal 
is determined by observing the angle 0 at which X-rays of wave- 
length A are regularly reflected. Then nX=2d sin 0, where n is a 
whole number. 

It is found that d increases with the temperature, and can be 
represented by the formula d = do(l -f a^), where a is the coeflSicient 
of expansion of the lattice-spacing. The values of a obtained from 
measurements of d at different temperatures agree closely with 
direct measurements made on single crystals for the same directipns. 

Expansion of a hollow vessel. Consider a cube of unit side ; let 
the C.L.E. be a. For a rise in temperature of f C., each side beeomes 
(1 +a0, and the volume inside is (1 approximately equal to 
(1 +3od). But this is just what happens when we consider a solid 
cube of the same material, hence the volume of the hollow space inside 
the cube increases just as if the hollow space itself were made of the 
material of the cube. This of course applies to a vessel of any shape. 

Expansion and elasticity. Increasing the temperature is one way 
of lengthening a rod ; it can also be extended by a pull in the 
direction of its length. If the rod returns to its original length 
when the pull is removed, the stretcliing is said to be perfectly elastic. 
It is found experimentally that for a given specimen the force is 
directly proportional to the extension it produces, provided this 
does not exceed the limits of perfect elasticity. For a given 
material, the force per unit area (called the stress) is proportional to the 
elongation per unit length (called the strain) and the ratio stress/strain 
is called Young's Modulus for the material, denoted here by the 
symbol E ; 

that is, « jg or stress - .E x strain, 

stram 
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This is one way of expressing Hooke's Law ; it applies equally well 
for compression (which is a negative extension). 

Now suppose a bar of length area of cross-section A, is heated 
through The expansion is l^od and the strain I^olIIIq = at. Let this 
now be clamped at the ends and cooled down again to the original 
temperature. The result is just the same as if it had, without 
heating, been pulled out mechanically, and the force required to 
keep it extended will be the same as that which would be required to 
produce the extension. Since strain therefore stress == Eat, and 

total force = stress x area = A Eat. f\ 


A similar argument applies for the force required to stop expansion 
— we can imagine a bar whose hot length is Zq( 1 +a^) to have beei; 
compressed by an amount iQat so that length is reduced to Zq, 


the force required being 


A Eat 

rfT ^7) ‘ 


SOME PKACTICAL APPLICATIONS OF EXPANSION 

#• 

Many of the more obvious examples of the effects of expansion, 
and the steps taken to use or to counteract these effects, are probably 
familiar to the student. Allowance for expansion in the laying of 
railway lines and the erecting of steel bridges, the shrinking of 
metal tyres on cartwheels and similar methods of assembling metal 
parts in engineering, are a few of the many well-known examples. 
In accurate measurements of length, allowance has to be made for 
the fact that the scale expands and is accurate at one temperature 
only. We shall describe in detail a few important practical applica- 
tions, some of which are fairly recent. Nearly all of these emplo}' 
two expansible materials, and either seek to defeat expansion by 
expansion, or use the fact that a bimetallic strip (consisting of two 
metals of different coefficients of expansion brazed side by side) 
bends when heated, or find an ingenious application for the very 
small expansibility of fused quartz or invar steel (36 per cent, 
nickel). 

Compensation of clocks and watches. The hands of a clock are 
attached to wheels which come midway in a train of gears between 
the driving wheel actuated by the spring or weights, and the 
escapement which controls the rate at which the whole train of 
wheels runs down. In the pendulum clock each beat of the pen- 
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ilulum moves a claw-shaped pallet arm so that one tooth of the last 
heel of the train (called the “ scape wheel ”) can pass. It follows 
; hat, if the pendulum beats more rapidly than it should, the whole 
(rain of wheels will run too fast, and the clock will gain ; while, if 
ilie pendulum beats too slowly, the clock will lose. 

The pendulum usually consists of a metal rod with a heavy disc 
(the bob ”) at the lower end. It is, strictly speaking, a ‘‘ rigid 
|)ondulum ”, but for our purposes it will be imagined to be a ‘‘ simple 
])endulum ”, with a bob of negligible dimensions suspended at the 
e nd of a wire of negligible mass. The length of a simple pendulum 
is the distance between the point of support and the centre of 
(iravity of the bob. For a simple pendulum of length Z, the time T 
of one complete small -amplitude swing (two beats) is given by the 
foi inula T= 27 rv^Z/gr, where g is the acceleration of gravity at the 
place concerned. 

We will first consider the effect of a rise in temperature on the 
pt'riod of the pendulum. 

Let Iq be the cold length, T the correct period, then 

2’=27r-\^® 


At a temperature Z® higher, the new length is Zq( 1 +aZ) and the 
new period 

y + Sr = 27r 7-'---- - — =27r 7-® • (1 + aOS 

^ g ' !7 

or, T + 87’ = r(l+a0‘ ; 

as (d is very small, (1 + af)* = (1 + •’ «/) approximately. 

T-^hT^T{l+iai) = T + \<xtT. 
iT=\odT, 

A sr , , 

and =lat. 

BT . . j 

gives the fractional increase in period. 

If Z = IOC. deg. and a = 0*000018 (6m55), 

^=0-00009. 
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Note that this is independent of the actual length of the per. 
duluxn. 

For the effect on the clock, suppose that T is one second. This 
simplifies the argument, and is legitimate since hTjT is the same 
whatever the length. 

Then 8T=0 00009T=0-00009 sec. 

That is, each swing of the pendulum takes 1-00009 sec. instead 
of 1 sec., and the clock loses 0*00009 sec. in every 1*00009 sec., oi; for 
all practical purposes, 0*00009 sec. in every second. Hence, 


in one hour it loses 60 x 60 x 0*00009 sec., 
in one day it loses 24 x 60 x 60 x 0*00009 sec., 
in 30 days it loses 30x24x60x60x0*00009 sec., which is 
234 sec., or 3 min. 54 sec. 


So the error is sufficiently great to need some means of compensa- 
tion. 

All methods of compensation follow the 
same general principle, and the simplest to 
understand is that of Harrison’s Gridiron. 
Fig. 35 shows the principle, while the actual 
construction of such a pendulum is shovn 
in Fig, 36(6). The distance I between 
the point of support 0, and a fixed point 
here supposed to be the centre of gravity 
0 has to remain constant. Two rods, x cm. 
of a material of c.l.e. a^, and y cm. of a 
material of higher c.l.e. cl ^ are used. If i, 
which is (a:- y), is to remain the same at 
all temperatures, the expansion of the first 
rod downwards for a rise in temperature t 
must balance the expansion of the second rod upwards. 


Fig. 36. — Principle of 
compensated pendulum. 


so 


xatyt -y(x^, 


y «! 

If a; is of iron (ai«0*000012) and y is brass (oe 2 =0*0000185, 

a: 0*000018 3 
y 0*000012^2’ 
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In the actual gridiron pendulum of 
Fig. 36 > downward expanding 
members are of iron, and the upward 
expanding members of brass, the total 
lengths of iron and brass being in the 
ratio 3 : 2. 

At the present time, it is possible 
by the use of invar steel to design a 
pendulum rod the change of length of 
which with temperature is practically 
zero. 

In the watch escapement, the pallets 
are at one end of a lever the other arm 
of which engages a pin on the moimt 
of a small flywheel called the balance 
wheel, which is controlled by a hair- 
spring. Two factors determine the rate 
at which the balance wheel oscillates, 
the stiffness of the hairspring, and the 
moment of inertia of the balance wheel 
which depends (among other things) on its diameter. A rise in 
temperature weakens the hairspring and increases the diameter 
of the balance w^heel, both changes causing the oscillations to be 
slower. The former is the more important effect. The usual 
method of compensation is, as shown in Fig. 37, to make the 
balance wheel rim in two or more segments of a bimetallic strip with 
brass on the outside and steel on the inside, and weighting the rim 
suitably. As brass has the greater coefficient of expansion, the 
end of each segment curls inwards w^hen the temperature rises, 
thus reducing the moment of inertia sufficiently to compensate both 
for radial expansion and weakening of the 
spring. 

'' Begulo ” gas-oven thermostat (Fig. 38). 
The head H carries a dial D on which a 
series of numbers is clearly marked. When 
the dial D is turned, it causes the spindle 
A to rotate. The screwed portion of the 

Fig. 37.~Compensated A is in mesh with the screwed boss 

bai^ce-w^l. of the valve F, and when A rotates, the disc 




(a) (b) 

Fig. 36. — Gridiron pendulum, 
(a) Effective relative propor- 
tions of iron and brass, (6) 
actual design. 
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Fio. 38. — “ Regulo ” thermostat. 

Jiy courtesy of Itadiaiion, lAd. 

of the valve moves nearer to or further a^^ay from its seating, the 
end of ..4 always remaining in contact with the rod R. When D is 
turned so that the higher numbers on the dial are visible, the valve 
opening 0 is increased, whilst, when the movements of the head 
bring the lower numbers into view, the opening of the valve is 
lessened. Thus, by turning the dial, the setting of the valve can be 
altered, and it is the setting of the valve that determines the 
particular temperature maintained. 

An expanding tube T, the tail end of w^hich is closed, is fixed 
into the “ Regulo ’’ head. This tube extends across the inside 
of the oven near the top, and expands or contracts w ith changes of 
the temperature within the oven. The automatic lengthening and 
shortening of this tube causes the closing and oi)ening of the valve 
in the head, and controls the gas supply to the oven. 

To utilise the movement of the brass tube, there is fixed inside it 
a rod R of special non-expanding metal (probably invar), one end 
of the rod being attached to the tail end of the tube. The other 
end of the rod is free, but the brass piece A, which carries the disc 
valve, is pressed up against it by the spring S. When the brass 
tube becomes hot and lengthens, it carries the rod with it, and 
because the rod does not expand, the disc valve is moved so that 
the opening 0 is gradually reduced. The ^ is led to the inside 
of the “ Regulo ” head at P, and it has to pass through the opening 
O on its way to the oven. It is at O that the gas is automaticallj’ 
controlled. 

When the whoU of the gas supply to an oven is controlled auto- 
matically, the possibility arises that the gas may be momentarily 



TEMPERATURE-CONTROLLED SWITCHES 


97 


cut off and brought on again. This would occur if the oven were 
lieated to a high temperature, and the dial were then turned to a 
much mark. Under these conditions, the valve would be 

closed completely until the oven had cooled, when unburned gas 
would escape from the burner. This possibility is avoided by 
leading a portion of the gas through an alternative channel, 7, direct 
to the burner, so that some of the gas does not pass through the 
automatic valve. Such an alternative supply is known as a by-pass, 
and ic is not controlled automatically. 

“ Simvic ” high-vacuum switch. The ex- 
pansion of a wire when it is heated by the 
passage of an electric current through it is 
the basis of the operation of the high -vacuum 
switch, shown in Fig. 39. A and B are 
conductors carrying the heavy current in a 
circuit, C is a lever pivoted at the top of A, 
making or breaking the connection between A 
and B. S is a long strip of special steel, 

^\'ound several times between the insulating 
bobbins TT ; this strip is connected in a 
second circuit so that a small current can be 
sent through it when it is required to keep 
A and B connected, while when the current 
through S stops, connection between .4 and 
B is broken. This is because when S carries 
no current it is cool, contracts, operates the 
lever C against the spring D, and opens the 
contacts ; when S carries a current it expands, 
slackens, and allows D to close .the switch. 

The whole is maintained in t&e highest ^9.— “ Sunvic ” 

possible vacuum, so that it is impossible for 
an arc to be established when the contacts are separated, as would 
happen if «uch a switch were to operate in air. 

Bimetallic thermostat control. The use of a compound strip made 
of two metals such as iron and brass, of widely different coefficients 
of expansion, has already been mentioned (p. 95). Such a strip 
when heated will bend into an arc with the more expansible metal 
on the outside of the curve. Fig 40 shows the “ Sunvic ” thermo- 
stat control. The two metal strips shown form part of an electric 
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Fio. 40. — Bimetallic thermostat control switch. 
Re/produced by courtesy of Sunvic ControU^ Ld, 


circuit when the contact pieces touch. The upper one is a bimetallic 
strip which bends up when the temperature rises and breaka the 
circuit. Fig. 41 shows how this is connected, with the high-vacuum 
switch already described, to maintain a constant temperatur^ in 
a bath heated by the heater (denoted by “ load ”). The thermo- 
stat is in the bath, and is connected in series with the wire 8 of the 
vacuum switch, so that when the thermostat control contacts open 
(because the bath is too hot), 8 takes no current, cools, contracts, 
operates lever C (Fig. 39), and switches off the load current. When 

the bath cools down, the thermostat 

r — I contacts shut, current again passes 

! 1 KafluiimSiWfc*! j through 8y and the load current 
j ^cwLcte 1 parses as before. This thermostat is 

J^ t T J sensitive to temperature changes oJ 

I \ one centigrade degree, provided th( 

< rate of change is not too great. Th( 

^ ^ Bimetallic^ glass envelope is filled with hydro 
control f gen, which gives a fairly quid 

Fig, 41. — Circuit for vacuum switch response to temperature changes 
operated by bimetallic contrcl. and at the same time preserves th< 

contacts from dirt and corrosion 
Another model, with the bimetallic strip fixed the other way round 
so as to dost the circuit when it is heated, is used as a fire alarm. 

Bimetallic thermometers and thermographs. The change of 
curvature of a bimetallic strip when its temperature changes can 
be caused to actuate a pointer moving over a dial. The sheer 
simplicity of this arrangement commends it for simple domestic 


Line ^ 
rccietanco-* 


Bimetallic * 
control A 


Fig, 41. — Circuit for vacuum switch 
operated by bimetallic contrcl. 


thermometers. It is, however, used for scientific instruments alsoj 
particularly for recording instruments, or thermographs. Fig. 4S 
shows a recording thermograph, in which the change of curvature of 
a helical bimetallic strip, which can be seen in the cage at the right, 
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Fio. 42. — ^Bimetallic thermograpK 
By courtesy of Messrs. Negretti and Zambra, 


moves an inked pen which records on a chart on a clockwork-driven 
drum. The helix operates directly on the spindle of the pen arm, 
without any levers or links ; it exerts a powerful control which is 
ample to overcome the friction between the pen and the chart, and 
responds with very little lag (a most important point) to temperature 
changes. The thermograph needs no attention, apart from winding, 
and replacing the chart, and is used for such purposes as packing 
with the cargo of a ship to give a record of the temperature in the 
hold during the voyage. 

Glassware, (a) The fracture of glass vessels on heating depends 
on several factors. Thick glass vessels, when subjected to svMen 
changes of temperature, can be relied on to break. This is because 
glass is a poor conductor of heat, and the part subjected to the 
heating is therefore maintained at a much higher temperature than 
the surrounding parts for an appreciable time, during which it 
expands and exerts forces (depending on its elastic constants) on 
the other parts which they are usually unable to stand, though this 
depends on the strength of the glass. 

Breakage is avoided by (i) choosing thin glassware, as is done for 
laboratory apparatus, (ii) avoiding sudden temperature changes 
(boiling jam, for example, is poured into heated pots), and (iii) 
ohoosing glass of small coefficient of expansion and high thermal 
conductivity. 
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Several formulae have been given relating the resistance to 
thermal shock and the thermal and elastic constants of a glass. 
According to a formula of Hampton and Gould, the difference of 
temperature rapidly applied which will cause fracture is given by 


, ^^1 

ccE 'f(x, t) 


where P is the tensile strength, a the c.l.e., E Young’s Modulus, 
a Poisson’s Ratio, and f{x, t) a function involving the nature 4nd 
extent of the chilling medium, the thickness of the test piece, f^d 
the thermal diffusivity (involving thermal conductivity, density 
and specific heat). Although all those factors are involved, the most 
irnportaivt is the coefficient of expansion. All glasses with low c.L.u. 
stand up well to thermal shock. Fused silica (a = 0*00(X)005 per 
C. deg.), and the new American glass “ Vycor ” (a = 0*(X)00008 per 
C. deg.) which contains 97 per cent, silica, can both be heated 
to white heat and plunged safely into cold w^ater. “ Pyrex ” glass 
(a =0*0000033 per C. deg.), even in the form of thick tubes, can be 
thrust into a blowpipe flame suddenly wdthout risk of fracture. 
Ordinary soft glass (a = about 0*0000085 to 0*0000095 per C. deg.) 
of course needs very careful treatment. 

The coefficient of thermal conductivity of fused silica is about 
twice that of ordinary glass ; w hile the great tensile strength of very 
thin fibres of fused silica is w^ell knowm, the strength and elastic 
properties of this material in large specimens do not differ very 
much from those of ordinary glass. 

(b) Uses of fused silica vessels. For all purposes w’here it is 
important that the volume of a vessel shall not change appreciably 
with the temperature, as Avith graduated vessels and also pyknometers 
and other pieces of apparatus for* studying the expansion of liquids, 
fused silica is the material used. 

(c) The sealing of metal vnres through glass. Formerly platinum, 
which has a c.l.b. approximately the same as that of glass, was 
used for sealed-in conductors in appliances suCh as discharge tubes. 
Various less expensive methods are nowadays in use, the general 
principle being to use thin tubes of soft metal w'hich can yield under, 
the stresses set up, rather than to avoid the stress altogether; With 
fused silica several methods w^ere tried ; plugs of invar steel ground 
into tapered seatings, molybdenum w'ire sealed through the material, 
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more recently, seals in which a plug of lead (which when 
i 7 ,()lten will “ wet the fused silica) carries the conductor. 

Expansion in optical and electrical apparatus. Expansion diffi- 
culties arise in cases where at first one might not expect them. For 
example, the mirrors of reflecting telescopes are very accurately 
fi^nired, but all this is to no purpose if the surface is distorted by 
expansion of different portions which may be at different tempera- 
tures. Low coefficient of expansion and high thermal conductivity 
are the two properties required, and of course they are not found in 
tlie same material. Fused silica has been employed for mirrors up 
to 25 inches in diameter ; the 200-inch reflector at Mount Palomar, 
California, has a mirror of “ Pyrex glass. 

The electrical constants of inductance coils and condensers 
de[)end, among other things, on their dimensions — and thus change 
with expansion. For example, the inductance of a coil is pro- 
portional to the ratio area of cross-sect ion jUngthy from which it would 
appear that the temperature coefficient should be the same as the 
coefficient of linear expansion. The capacity of an air condenser 
is proportional to area of plates Isejparaii on ^ and here it is possible 
by constructing the condenser of tAVo different metals to arrange that 
the increase in area of the plates is balanced by the increase in their 
separation. Great ingenuity is required to maintain this compensa- 
tion during change of temperature (as well as at different steady 
temperatures), as this involves the heat capacity of the different parts. 

In the hoi- wire ammeter, the current to be measured (or a known 
fracition of it) passes through % wire held under tension. The rate 
Oi development of heat is proportional to the square of the current, 
and so also is the steady temperature reached and the consequent 
expansion, which is nuide to operate a pointer moving over a scale. 

t 

EXPANSION OF LIQUIDS 

The expansion observed when a liquid is heated is always less 
than the true expansion of the liquid itself, as the capacity of the 
containing vessel also increases. We must thus distinguish betAveen 
the real coefficient of expansion, AA’hich is the true increase in volume 
of unit volume for unit temperature nse, and the apparent coefficient 
of expansion, which is the observed^ increase in volume of unit volume 
for unit temperature rise, measured in an expansible vessel the expan- 
sion of which is disregarded. 
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In all experiments which are conducted over a considerable ran^ 
of temperature, the mean coefi&cient of expansion between the 
initial and final temperatures is found ; likewise, this is the value 
required in calculations of any practical use. As many liquids 
expand irregularly, the value of the mean coefficient of expansion 
depends on the range of temperature concerned, which should be 
specified. We may need to distinguish between the zero coefficient, 
in which the expansion is reckoned as a fraction of the volunte at 
0® C., and the coefficient reckoned as a fraction of the volume at the 
low temperature. \ 

If Fo be the volume at 0® C., that at f C., and oq the s^ro 
coefficient, 

F^ == F0(1 + aQ^) ; 

while if Fj and Fg be the volumes at <|® C. and t^ C., and the 
mean coefficient between these two temperatures, 

We shall find it convenient, to save space, to use as a general rule 
the equation F = Fo(l+a<), where Fq stands for the original 
volume at the low temperature, which may sometimes be 0® C., F the 
volume at the high temperature, t the rise in temperature, and a the 
mean coefficient of expansion between the temperatures concerned. 

Approximate relation between real and apparent coefficient. Let a 
be the real coefficient, a the apparent coefficient, and g the co- 
efficient of cubical expansion of the material of the vessel (usually 
glass), the hollow space inside which expands as if it were solid glass. 
Consider a small flask of volume exactly 1 c.c., which is full to the 
top with the liquid at the cold temperature. Let it be heated 
through exactly one degree. Then, if the vessel did not expand, 
the volume expelled would be a c.c. But, for 1® rise, the vessel 
expands g c.c., and this space must be filled before any overflow 
occurs. The observed overflow is then not a c.c., but (a-g) c.c. 

That is, a^oL-g, 

or, a=a-fgr. 

This result is not strictly correct, though it may be hard to sea 
any flaw in the argument at first sight. Its detection is left to the 
ingenuity of the student, who should compare the result with that 
on p. 106. It is, however, true enough for all practical purposes. 
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Change in density with rise in temperature* Whatever happens 
0 the containing vessel, one change can be connected definitely 
vith the real coefficient of expansion, and that is the change in 
^ensity of the liquid. This is a most important point, and it should 
)e carefully noted now. 

Consider a fixed mass M of liquid, occupying a volume Fq at the 
old temperature, and F at a temperature f higher. 

Let po density at the cold temperature, p that at the high 

emperature. Let a be the mean value Of the real coefficient of 
xpansion between the temperatures concerned. 

M 

Now, F = Fo(l + cd ) ; 

M M 1 

° Fo(l+«<) Fo'(l+a<)’ 

)at /)o=- 


0 


o- 


COEFFICIENTS OF EXPANSION OF LIQUIDS 


Liquid. * 

« (per C. deg.) 

Ethyl alcohol 

00011 

Aniline ... - 

000085 

Benzene - . - 

000124 

Glycerine - • . 

0X0053 

Mercury . - - 

0*00018 

Paraffin oil - 

0*0009 

Pentane . - - 

0*00159 

Toluene - - . - 

0*00109 

Turpentine - - 

0*00094 


(The above figures, from Kaye and Laby’s ** Tables ”, give the 
mean values for a range round 18° C.) 

Methods of measuring the coefficient of eiq^aosion of a hquid. The 
"^alue of the coefficient of expansion is comparatively large when 
ompared with the coefficient of cubical expansion of a solid — as 
dgh as about 0*001 for liquids such as alcohol and paraffin. It 
^lould, therefore, be possible to measure a roughly for such a liquid 
>y the simplest of methods — say by taking about 40 ox. in a burette 
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at room temperature, and heating this in a water jacket through 
about 50®, when the expansion of 40 x 50 x 0-001 =2 c.c. could be 
measured with an accuracy of 5 per cent, by reading the burette 
tube itself. With a bulb of known volume connected to a fine 
graduated tube, this could be transformed into a refined method, 
but the student’s chief criticism then would be that the bulb and 
tube must be calibrated, an operation taking as much care and 
trouble as a whole determination by any other method. Jt is, 
however, valuable when a continuous range of readings have to be 
taken, as, for example, in studying the variation of density of \^ater 
with the temperature. A vessel made for this purpose is cli,lled 
a dilatometer. 



Fig. 43. 
Dilatometer. 


Fig. 43 shows a type of dilatometer designed for 
very accurate work. Its great advantag^ over the 
“ weight thermometer ” or ‘‘ specific gravity bottk* ” 
method described below is that errors due to evapora- 
tion of the liquid are avoided. 

Apart from the dilatometer, the most important 
methods of determining the mean coefiicient of ex- 
pansion of a liquid over appreciable temperature 
ranges all compare the density {true or apparent) oj 
hot liquid with that of cold liquid. They are based on 
the three stock methods of finding specific gravities 
(that is, comparing densities) used in hydrostatics. 
These are : 

1. The specific-gravity bottle method. 

2. The sinker method, which depends on Archi- 
medes’ Principle. 

3. The balancing- column method, in which the 
vertical heights of two columns exerting equal 
pressures are compared. 


Specific gravity bottle method. The specific gravity bottle is 


the simplest and most familiar of the small closed vessels which 


enable a definite volume of liquid to be taken. Other such vessels, 


the pyknometer (Fig. 44) which has two fine capillary tubes CA and 
FB with a reference mark (?, to which it *may be Yerj accurately 
and readily filled, and the weight thermometer (originally so named 
because when heated the rise in temperature could be estimated 
by weighing the overflow), a vessel with a single narrow capillary 
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neck which is difficult to fill and exasperating to empty again, are 
:^aen used for this experiment ; but the exact type of vessel is of 
minor importance, provided it has a narrow outlet tube — unless it 
is desired to weigh the overflow directly, when the weight thermo- 
meter would be preferable. 



A clean dry specific gravity bottle is weighed. It is then filled 
with liquid at the air temperature, which is observed, and then the 
bottle is weighed again. It is then placed in a water bath, and 
heated slowly to a suitable high temperature (glycerine, paraffin, 
and mercury can of course be heated safely to 100® C. ; but with 
alcohol it is unwise to heat much above about 55® C.). The bottle 
is left at this steady temperature for about ten minutes, and the 
temperature of the bath is recorded. The bottle is then removed, 
dried, and weighed again. From these readings the mass of liquid 
expelled, the mass left in at the end, and the rise in temperature are 
found. The formula for the mean value of the apparent coefficient 
of expansion of the liquid between the initial and final temperatures 
is then 

mass expelled 

r~ • 

mass left in x temperature nse 

Let a be the real coefficient of expansion, a the apparent co- 
efficient of expansion, and g the coefficient of cubical expansion of 
the glass of the vessel. Let be the mass of liquid filling the bottle 

K.H. H 
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at the low temperature, m the mass filling it at the high temperature 
and /E >0 and p the densities of the liquid at the cold and hot tempera 
tures respectively. Let Vq and V be the volumes of the vessel u 
these two temperatures. Let t degrees be the rise in temperature 
Now, since density = mass /volume, 

mass = volume x density. 

Then, for the cold temperature ttiq = FoPo> 
while, for the expansion of the vessel, F=Fo(i+S^ 0 > 
and for the density change of the liquid, in terms oi the rea 
coefficient of expansion, 

^ l+a« 


At the high temperature, m = Vp. 
Substituting for F and p, 


or, as mo = FoPo, 


m = Fo(l +gt) 


{i+ai) 


Po 

(1 +a0 


-VoPr 


+ 0) 

(1+aO’ 


Cross-multiplying and simplifying. 


m + mod = mo -h m(^t. 


rru-m m^ 
ml ',n 


This expression is for the real coefficient ; we require the apparen 
coefficient. But, if the expansion of the vessel is disregarded, thi 
simply means we must put ^= 0 , when it is necessary to write < 
instead of a. 


So, 

Whence, in words, 


mo -m 
mt 

mass expelled 


mass left in x temperature rise ' 
Substituting for a, in the original equation for «, 


a =a 




g> 


whence a L not exactly equal to a -f as was stated (for an approxi 
mation) on p* 102 . 

The error in using the formula a—a + gr, though appreciable, i 
rarely large enough to be important, though it increases for larg 
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jperature rises and hence may have to be considered, if the 
iiiue of < is large. If a=0'0010, and g=0'000025, then, for a 
.0 of 100°, 

^ = 1-1, ^g- = 0-0000275. 
m m 


So while a + gr ~ 0*0010250 ^ 

a +^^=0-0010275 1 

m j 


a difference of about 0*25 
per cent. 


Sinker method. A hollow sealed glass sinker is loaded with 
nercury so that it just sinks in the cold liquid, and is suspended from 
I fine wire attached to the pan support of a balance. The base of 
|he balance and the top of the supporting table are bored to allow 
he wire to pass freely through. A large vessel of the liquid of 
vhich the coefficient of expansion is required is heated by an 
electric immersion heater, which also serves as a stirrer (Fig. 45). 

The sinker is weighed in air and in the liquid at the low tempera- 
lure, which is observed. The liquid is heated up and well stirred, 
ihe steady temperature noted, and the sinker is v/eighed again. 
The upthrust on the sinker (weight in air minus weight in liquid) 
n calculated in each case. From Archimedes’ Principle, the up- 



Fig. 45. — Sinker method. 
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thrust on the sinker equals the weight of the mass of liquid dis, 
placed. The calculation then follows the same lines as that foi 
the specific gravity bottle method, the only difference being tliat 
■the mass displaced by the glass shell of the sinl^er is found, instead oj 
-the mass contained by the glass shell of the bottle. 

Let the temperature rise be t centigrade degrees. Let b( 
the upthrust in cold liquid, U that in the liquid at the high tempc ra 
ture, Fo and F, p© P volumes of the sinker and de^sitie^ 

•of the liquid at the two temperatures, and let a, a, and g %e th( 
mean values of the real coefficient of the liquid, the app^reni 
coefficient of the liquid, and the coefficient of cubical expansion o 
glass over the range of temperature of the experiment. 

The mass of liquid displaced at the cold temperature is VqPq, s( 
Uq— V oPo- 

For the expansion of the sinker, F= Fo(l +gt), and for the changi 
in density of the liquid, in terms of the real coefficient. 


The mass of liquid displaced at the high temperature is Fp, si 
I7 = Fp. 

Substituting for F and p, 

, Fo(l+flr<)^_ l+^_rT l+gt. 

^ l+at 

-and, by cross-multiplying and simplifying, 

.-Uo-U Uo^ 

Ut "^ U^’ 

As in the previous experiment, if the expansion of the sinker i 
disregarded and we write g =0, then a must be written for a ; whenc 

Substituting this value of a in the formula for a, we find 

a a-\-^~g. 


One advantage of this method is that a continuous set of reading 
is obtainable in the course of one experiment, so that the mea 
walues of a between, say, 20^0. and 30^ 0., 30® C. and 40® C 
40® C. and 50® C., can be found. 
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Careful stirring of the bath before each weighing is necessary, 
,im 1 the accuracy of the experiment can be increased by setting a 
f ight which is a little too heavy on the balance pan, and allowing* 
j,c liquid to cool a little and noting the temperature at which the 
)a lance is exactly counterpoised ; that is, finding the temperature 
hr a given weight, rather than the weight for a given temperature. 
riiis is because weighing is a rather lengthy operation, and the 
eniperature will in any event fall slightly while it is being done — 
n fact, a conscientious student with a sensitive balance usually 
inds that he cannot obtain a satisfactory weighing to the nearest 
7 iilligram as the cooling keeps up with his adjustment of the rider. 

Balancing column method. The pressure due to a column of 
iqiiid depends on three things only. These are, the vertical height 
f the column, the density of the liquid and the acceleration of gravity,. 
fhc formula being p^hpg dynes per sq. cm., ov p=hp gm. wt. per 
^rj. cm. It is not affected at all by the area, length, size, or shape 
)f the containing vessel, and so change of the dimensions of the vessel 
'iLcirise cannot affect it. Hence, by balancing the pressures due- 
o two columns of the same liquid at different temperatures, we 
lave a means of comparing their true densities directly, and sO’ 
letermining the real coefficient of expansion directly. The experi- 
ment was first performed by Dulong and Petit. A simple demon- 
■itration model of their apparatus will be described, some of 
ts defects noted, and then one of the accurate experiments on 
he same lines performed by Regnault will be discussed. 

The simple apparatus consists of a large U-tube, about 100 cm. 
ligh, with the limbs about 60 cm. apart, made of glass tubing about 
^ mm. in diameter. The U-tube is open to the air on both sides, 
m(J one limb is surrounded by a jacket through which steam from 
boiler can be passed (Fig. 46). 

Steam is passed through the jacket xmtil the levels in both limbs 
ue steady. No “cold measurements” are made, and nothing is 
lone until this steady state of affairs is reached. It is seen that 
he level B of the liquid in the hot Umb is appreciably higher than C, 
he level in the cold limb. There is considerable uncertainty as to 
he exact length of the heated portion, but we shall assume that only 
he liquid actually inside the jacket is heated to steam temperature, 
uid that all the rest of the liquid is at the temperature of the 
urrounding air. ^ 
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Imagine a horizontal li.ie 
AA to be drawn at the h\ el 
of the lower cork in the steam 
jacket. Below this level, equal 
vertical heights of cold liquid 
balance one another in the 
two limbs. The columns AB 
of hot liquid and A'C ofj cold 
liquid then exert equal pres, 
sures and balance one another. 
The vertical heights h an& 
of AB and AG are obtained 
by measuring the vertical 
heights of A, B, and C above 
the horizontal bench. The air 
temperature and the tempera- 
ture inside the steam jacket are recorded, and the temperature 
difference t is found. 

Then, if be the density of the cold liquid and p that of the hot 
liquid, as pressure vertical height x density y in gm. wt. per sq. cm., 
and the two columns exert equal pressures. 



hp — JiqPq or A = ’ 

but 


So 

A=Ao(l+«0* 

and 

.if* 

• 

li 


Note again that this gives the real coefficierU of expansion directly. 

There are two chief criticisms of this very simple apparatus. 
There is much uncertainty as to the actual heated length. Also, 
{h - fti)) appears in the formula for the calculation, and the percentage 
error in this may be much larger than would at first be expected. 

* It should not be necessary to point out here that, aUlumgh lengths are 
being measured, and the formula written down here appears similar to tlmt 
on p. 81, we are ru>t finding the coefficient of linear expansion of a liquid 
But this confusion is not uncommon, with respect to this experiment, and 
also in correcting the barometer for the expansion of the mercury (p. lir>), 
and the student is advised to make sure that he understands the whoU of this 
argument — ^not merely the last step. 


Steotn II II 



Fig. 46. — Balancing column method. 
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rv,r example, with mercury a=0*00018 ; if Ao = 50 cm. and < = 80 
i ntigrade degrees, (A -Aq) =0*72 cm. Now, both A and Aq require 
t/ro measurements, each of which may be in error by 0*05 cm., so 
tije maximum error in A and Aq individually is 0*1 cm., a mere 
0-2 per cent, of the individual lengths. As the errors may conspire 
to make A too big and A^ too small, the maximum error in the 
(jiiference (A - Aq) is 0-2 cm. This is 20 parts in 72, or 28 per cent. 
— a large error. For accuracy, then, the first requisite is that every 
part of the apparatus shall be at an accurately known temperature ; 
the second is that the difference in levels shall be determined 
directly by some precision measuring apparatus such as a 
cathetometer. In addition, it is desirable that the upper surfaces 
should be at the same temperature, to eliminate surface tension 
errors. 

The determination of the real coefficient of expansion of mercury 
is a matter of great importance. If we know accurately the value 
of a for any one liquid, we can, by observing the value of a for this 
liquid in a given vessel, find the value of g for the vessel directly. 
I his is far more satisfactory, especially in the case of glass, than 
taking the c.c.E. to be 3 times the c.l.e. Henceforward this vessel 
may be used to find a for other liquids by measuring their apparent 
coefficients by it. Also, mercury is the liquid commonly employed 
in pressure gauges and barometers, and accurate pressure measure- 
ments by these means are only possible if the density of mercury 
at different temperatures is accurately known. An exhaustive 
series of experiments on mercury was carried out by Regnault, of 
which only one will be described. 

In Regnault’s apparatus (Fig. 47), the two limbs of the U-tube 
were connected at the top to vertical tubes A and B, by means of 
fairly narrow cross- tubes. The tubes A and B themselves were both 
contained in the same water jacket at a known temperature. The 
lower ends of the tubes w^ere c6nnected by a narrow flexible iron 
tube. The hot limb was maintained in a bath of heated oil, and 
the cold limb in a water jacket at temperature Iq C., w^hich we will 
suppose to be 0° C. ; the only part of the apparatus about which 
there could be any temperature imee tainty was the lower cross- 
tube. Referring to Fig. 47, A^ and are the heights of the mercury 
in the adjacent upper tubes on the hot and cold sides respectively, 
at temperatures ti (density of mercury pi ) ; H is the length main- 
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Fig. 47. — Regnault’s apparatus for real 
coefficient of expansion of mercury. 


iained at temperature t (density 
p) ; Hq the length in the ct^ld 
bath at temperature (density 
po) ; and ^3 the small vertical 
difference in levels between C 
and 2), at the surrounding 
temperature (density p,,). 
Then, if a be the real coefficient 
of expansion, equating ipres- 
sures at the level 2), gm. 
vii. per sq. cm., ? 

Pi = +^2Pl +^3/^2* 


Substituting 

^iP o ^Po 

1 + o/j 1 + 




^iPo 

1 +a<j 


+ 


^aPo 

1 +ai2 


^2 , „ rr . *"3 

*• \+at^ I +oct ® 


whence a is calculated. Tlie difference - hz is measured directly 
and the only term involving the “ uncertain ” temperature 
involves the very small difference in levels and is thus 
small. 

Expansion of water. Water at 0° C. when heated contracts as 
the temperature rises, the volume of a given mass being least a1 
about 4® C. (the density then being greatest)^ above which point 
rise in temperature causes expansion. The exact temperature ol 
maximum density, at a pressure of one atmosphere, is given ai 
3*98° C. An accurate knowledge of this temperature is important 
since the litre is defined as the volume occupied by one kilogram oj 
pure, air-free water at the temperature ofjmaximum density anc 
760 mm. pressure. The litre (found experimentally to be 1000*02i 
c.c.) is the generally accepted practical unit of volume. 

Hope’s experiment (Fig. 48) is one of the classic demonstratiorfs 
it is simple, and shows the existence of the maximum densit} 
temperature in a striking manner. A tall glass vessel full of watei 
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a freezing bath of ice and 
iriii halfway up, while sensitive 
Ijrrmometers A and B are fitted 
it the top and bottom. The 
fadings of the two thermo- 
[iioters are noted at air tem- 
x rature before the freezing 
mixture is applied. At first, 
the water in the neighbourhood 
Df the freezing mixture is cooled, 

)ecomes denser than the water 
clow, sinks to the bottom, and 
I the temperature read by the 
lower thermometer falls until it 
'caches about 4® C., the reading 
of the upper thermometer meanwhile being little affected. The 
lower thermometer then remains at 4® C., while the upper one falls, 
at first gradually, then rapidly, to 0® C. If the readings of the 
tv 0 thermometers are taken at regular intervals, and a temperature- 
time graph plotted for each (Fig. 49), the point at which the two 
curves intersect gives the maximum-density temperature. 

There are really three stages to the experiment ; at first, con- 
vection takes the cooled liquid down to the bottom and continues 
until all the water below the freezing belt is at 4® C. ; then the 
water above the belt cools by conduction to 4® C. ; after this, the 
cooler w ater is the less dense, and so the upper part of the vessel is 
brought rapidly by convection to the freezing point. 



Temp. 



Fig. 40, — ^Thermometer readings in Hope’s experiment. 
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An experiment performed by Bespretz is an excellent examp], ^ o] 
the use of a graph to save imnecessary computation. A dilatom^ ter 
was used to observe the change in apparent volume with tempt ra. 
ture, and a graph ABC of apparent volume against temperature v/as 
drawn (Fig. 50). From the coefficient of expansion of the glass, 

the change in volume of the vessel 
was calculated, and plotted as the 
line OD, Now, the vertical bright 
of any point of the curve abob^e tlie 
line OD gives the true volume pf the 
water; this vertical height isUeast 
at the point B where the tangent to 
the curve is parallel to OD ; so this 
tangent is drawn, and the tempera- 
ture corresponding to this point on 
the curve is the temperature of mini, 
mum volume and hence maximum 
density (shown where BD cuts OX). 

Joule and Pla 3 nfair found the temperature of maximum density 
accurately in the following way. If a graph of density against 
temperature is drawn in the neighbourhood of the maximum, the 
rate at which the slope changes is practically constant, so the 
curvature is nearly constant ; hence, over a very small region 
in the neighbourhood of the maximum, the curve can be thought 
of as an arc of a circle, with the important consequence that tk 
curve is symmetrical about ike maximum point for this small ranges as 
drawn in Fig. 51. Hence, if two temperatures t^ and are found, 
one slightly below and the 
other slightly above the 
^ temperature of maximum 
density, at which the density 
is the same, then the tern- g 
perature of maximum den- <§ 
sity is (to a high degree 
of approximation if the 
difference between the two 
temperatures is small) mid- 
way betv/een these tem- 
peratures. 




Fig. 60. — Temperature of maxi- 
mum density from dilatornoter 
readings. 


Pig. 61. 



MAXIMUM DENSITY OF WATER 
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I wo long columns of water, a, a, were oon- 
eted by a horizontal tube b at the bottom 
.cl a horizontal cross-channel c at the top 
is indicated in Fig. 52. A small glass 
3 at was placed in the trough. One column 
as slightly below 4® C., the other was warmed 
ightly above 4® C., and the temperatures of 
le two columns at which the float was very 
early stationary (showing no convection 
irrents, and hence equal density) were 
bserved. The difference in temperature 
etween the two columns was of the order 
-8° C. The temperature of maximum den- 
ty was determined as 3*95® C. ; this is 
ightly below the present accepted tempera- 

ire, 3-98“ C. 52.-Joule and 

’ Playfair s experiment. 

Fig. 53 shows the way in which the density 

f water varies with the temperature between 0® C. and 10® C. 

1-IPIOO 

^ 0*999 

*0-998 

•f 0-997 

e 

Q 

0 2 4 6 B 10 

Temperature , 

Fio. 53. — Variation of density of water with temperature. 

The barometer correction. Several units are used for expressing 
tressure measurements ; dynes per square centimetre and bars 
I bar = 10® dynes per square centimetre) are the absolute units, 
‘ut the most usual units are centimetres or millimetres of mercury, 

' a pressure of 200 mm. mercury (or sometimes just “ a pressure 
tf 200 mm.”) denoting that the pressure described will just support 
^ vertical column of mercury' 200 mm. high. Now, the vertical 
leight is only one of the three factors on which the absolute pressure 
f a liquid column depends, the others being the density of the 
iquid and the value of the acceleration of gravity. If the unit 
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one centimetre of mercury ” is to mean anything precise, we i 
specify the density (or temperature) of the mercury, and the value 
of the acceleration of gravity ; and the standard figures are % 
density at 0® C. (13-5951 gm./c.c.), and the value 980-065 
cm./sec./sec. If the height of the barometer is measured in the 
ordinary way, a correction must be made for the temperature 
(finding the equivalent height of mercury at 0® C.) and also for the 
local value of g, which depends on the latitude and the height jabove 
sea-level. The second correction is usually done once and for all 
for the place where the barometer is to be used ; formulae fdV the 
calculation of g at any latitude and altitude are given in Kaye and 
Laby’s Tables. We shall concern ourselves only with the tempera- 
ture correction. 

The first step is to correct for the expansion of the scale, which 
has been graduated at one temperature, and is only accurate at 
that temperature. Suppose the scale is correct at 0° C. Let H 
be the observed height as read from the scale at <® C., A the co- 
efficient of linear expansion of the material of the scale, and h the 
true height of the mercury. Now cm. of scale at 0® C. expand 
to A cm. at ^® C., though as the graduations are still there we read 
this height which is really .£^(1 -f A^) still as H, The true height 
of the column is thus A=iy(l-i-A0. (Note this carefully: there 
is a tendency to think at first that because we are making a correc- 
tion starting at f C. and ending at 0® C., the true reading should bo 
lower than the observed reading ; but the problem is to find the 
length at f C. of the piece of scale which measured H cm. at 0° C., 
and the true reading is obviously greater than the observed reading.) 

Next, to correct for the change in density of the mercury. Let 
hQ be th3 height of the column of mercury at 0® C. which balances 
the height h of mercury at <® C. Let pp P ^ densities at 
0® C. and i° C., and a the real coefficient of expansion of mercury. 


Then 

^QpQ—hpf .* 

11 


n 

But 

1 


pQ l+od 

® l+at 

Substituting for A, 

we get Ao=H 

1+A< 

1 +(xt^ 


Ao-iy(l+A0(l+«/)-M 
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+A^)(1 -ai), approximately, neglecting and. higher 
v.Avers of (d. 

again approximating by neglecting 
Phis gives the height of the column of mercury at 0® C. which 
exerts the same pressure as the column measured as H at f C., so 
is the required ‘‘ corrected height 
Note that a is the reaZ coefficient of cubical expansion of the 
niercury, and A is the coefficient of linear expansion of the material 
of the scale. 

Applications of the expansion of liquids. The decrease in density 
w ith temperature rise is responsible for the transference of heat 
by convection, and such applications as central heating systems 
are well known. The liquid-in-glass thermometer has been 
described earlier. The liquid thermostat is really simply a modified 
thermometer. Pig. 54 shows a thermostat designed to regulate 
the supply of gas to the burner heating the bath in which the spiral 
bulb stands ; the spiral contains toluene, 
the expansion of which pushes up mer- 
cury in the vertical tube, shutting off the 
gas supply when the temperature is too 
high. This occurs at a temperature 
determined by the amount of liquid in 
the bulb and tube originally. The tap 
at the right is a by-pass to prevent 
complete extinction of the flame. A 
similar arrangement is used to make and 
break the current in electrically heated 
baths. 

The freezing of ponds from the surface 
downwards depends on two facts. First, 
the w^ater is densest at about 4® C. ; 
secondly, heat is abstracted from the top 
only. If we imagine the air above the 
pond to be at, say - 10° C., convection 
will be maintained normally until the 
whole of the water in the pond is at 
C. ; next, below this temperature, the 



Fig. 64. — Liquid thermostat. 
By couftesy of 

Me 89 r 9 . OriJSin dS; TaHock, Ltd, 
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coolest liquid stays at the top, and a tb^ layer of ice for ns. 
The eventual thickness of the coating of ice is determined by the 
rate at which heat is lost through the coating of ice by conduction 
and the length of time for which this operates (see p. 344).’** li, jg 
often stated that “ the rest of the water in the pond is at 4® C/’ ; 
tois is, of course, true at the start of the freezing, but it ignores 
the fact that water, though a bad conductor, does transfer heat by 
conduction. The whole of the pond must eventually reach 0*^ C. 
by conduction, if the initial state of affairs persists long eribugh, 
Anyone who really believes that ice can only form at the to^\ of a 
mass of water has only to leave a bucket of water out of doo^ on 
any frosty night ; he will find the ice coating on the top and sides ol 
the vessel! 


QUESTIONS ON CHAPTER III 

1. Describe briefly a method of measuring accurately the coefficieni 
of expansion of a solid (in the form of a rod). 

A steel tape-measure is correct at 12® C. If it is used to measure £ 
distance of 1,000 ft. when the temperature is 2® C., what error will be 
made? (Coeff. of linear expansion = 0 00001 2 per °C.) (O. & C.^ 

2. Describe a method of measuring the coefficient of linear expansior 
of a substance. 

Show that the coefficient of cubical expansion of a homogeneouj 
substance is three times its coefficient of linear expansion. (O. & C. 

3. Describe an accurate method for determining the coefficient ol 
thermal expansion of a solid in the form of a rod. 

The pendulum of a clock is made of brass, whose coefficient of lineai 
expansion is 1-9 x 10~® per degree C. If the clock keeps correct time 
at 16® C., how many seconds per day will it lose at 20® C. ? (O. & C. 

4. A steel wire 8 metres long and 4 mm. in diameter is fixed to twe 
rigid supports. Calculate the increase in tension when the temperatun 
falls 10° C. (Linear coefficient of expansion of steel 12 x 10“* pel 

degree centigrade. Young’f 
M^ulus for steel 2 x 10^* dynef 
per sq. cm.) (O. & C. 

6. Define Young’s Modulu 
for thematerial of a wire. 

The diagram shows an iroi 
wire AB stretched inside a rigif 
brass framework and rigid^ 
attached to it at both ends 
A and B. The length of AB a 
0® C. is 300 cm. and the diomete. 


Bra$s 
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the wire is 0*6 mm. What extra tension will be set up in the 
[{V 'tched wire when the temperature of the system is raised to 40° C.? 
^i'ake the coefficient of linear expansion of iron a.s 0*000012 per 
( !:. C. ; the coefficient of linear expansion of brass as 0*000018 per 
0 '^ C. ; Young’s Modulus for iron as 2*1 x f0“ dynes per sq. cm.) 

(L.)' 

(). AVhat is meant by the statement that the coefficient of linear 
expansion of iron is 0*000012 per degree C.? How would you show 
ixpf'rimentally that for brass this quantity is about 0*000018 per 

Ici^ree C.? 

if a strip of iron and a strip of brass are welded together to form a 
traight bi-metal strip at room temperature, what would happen if 
he strip were (a) raised to a high temperature, (6) lowered to a tempera- 
ure below 0° C, ? 

Describe one application of the bi-metal strip in a device in common 

(L.) 

7. Describe how you would determine accurately the absolute 
ocfficient of thermal expansion of mercury. Why is a knowledge of 
bis cpiantity important? 

Benzene has a density of 0*90 gm./c.c. at 0° C. and a coefficient of 
subical expansion of 0*001 2/°C. Consequently wooden balls (density 
)*88 gm./c.c.) float in it at 0° C. If the wood has a coefficient of 
jxpansion of 4 x 10“'*/°C. along the grain and 4 x 10"®/°C. across the 
rrain, calculate at what temperature the balls will just sink. (B.) 

8. Describe and explain a method of determining directly the 
>elficient of real expansion of mercury. 

A mercury thennometer is to be made with glass tubing of internal 
ore 0*5 mm. diameter and the distance between the fixed points is 
) be 20 cm. Estimate the internal volume of the bulb and stem below 
he lower fixed point. The coefficient of expansion of mercury is 
)• 000 180 and the coefficient of linear expansion of glass is 0*000009, 
oth in centigrade units. (J.M.B.) 

9. Describe in detail one method of determining the mean coefficient 

>f absolute expansion of mercury between 0° and 100° C. Give the 
hoory of the method. (C.) 

10. Describe, in detail, a balancing colunm method of determining 
ho mean coefficient of absolute expansion of a liquid, giving the theory 
>f your method and pointing out the experimental difficulties. 

If the value of the coefficient for mercury is 0*00018 per degree C., 
obtain a value for the difference of level of the hot and cold columns in 
h(' apparatus you describe, making any reasonable assumptions for the 
hrnonsions of your apparatus. (O.) 

11. Distinguish between the real and the apparent coefficient of 
hermal expansion of a liquid. 

Describe the method by which you could determine the real 
oeffieient of expansion of turpentine. 

On a centigrade thermometer the distance between the readings 
^ C. and 100° C. is 30 c.u., and the area of cross-section of the narrow 
ube containing the mercury is 0*0016 sq. cm. Find the total volume 
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of mercury in the thermometer at 0° C. Coefficient of linear expansion 
of glass is 0*000009, and the real coefficient of cubical expaTision oi 
mercury is 0*00018. (Scot. Leav. Cert.) 

12. Distinguish between the coefficients of real and of apparent 
expansion of a liquid. 

Deduce an expression relating the density of a liquid, at different 
temperatures, with a coefficient of expansion. 

A glass bottle, volume 50 c.c. at 0® C., is filled with paraffin at 15' C. 
What is the mass of the paraffin? The density of paraffin at 0° C. i§ 
0*82 gm. per c.c., the coefficient of real expansion of paraffin f^r the 
range 0° to 15° C. is 0*0009 and the coefficient of linear expansion oi 
glass is 0 000009, both per deg. C. (J.JVI.B.) 

13. Describe a direct method of measming the absolute coefficient 
of expansion of a liquid. 

Show that the absolute coefficient of expansion of a liquid is very 
nearly equal to the sum of the apparent coefficient of expansion of the 
liquid and the coefficient of cubical expansion of the material of the 
containing vessel. (O. & C.) 

14. A sinker of weight has an apparent weight when weighed 

in a liquid at a temperature and when weighed in the same liquid 
at a temperature < 2 * The coefficient of cubical expansion of the material 
of the sinker is j3. What is that of the liquid? (O. & C.) 

15. Describe, giving the theory, a method of determining the co- 
efficient of real expansion of a liquid, if a solid which has a known 
coefficient of expansion and will sink in the liquid is provided. 

A loaded glass bulb weighs 156*25 gm. in air, 57*50 gm. when iinmersod 
in a liquid at 15° C., and 58*57 gm. when immersed at 52° C. Calculate 
the mean coefficient of real expansion of the liquid between 15° and 
52° C. (Coefficient of linear expansion of glass = 0*000009 per deg. C.) 

(C.W.H.) 

16. Describe a method for determining directly the absolute co- 
efficient of expansion of a liquid. 

A compensated pendulum consists of an iron rod, of negligible mass, 
to which, at a distance of one metre from the knife edge, is fastoiuKl a 
hollow iron cylinder of length 16 cm., internal diameter 5 cm., and mass 
800 grams. This cylinder contains 3,200 grams of mercury. Find 
the change in distance of the centre of mass of the pendulum from 
the knife edge for a 1° C. rise in temperature. (Coefficient of lin(‘ar 
expansion of irpn=10~® per degree centigrade, coefficient of volume 
expansion of mercuiy’ = 2 x 10”* per degree centigrade, and the density 
of mercury = 13*6 grams per c.c.) (O. & C.) 

17. A thread of liquid, whose coefficient-of real expansion is a per 
deg. C., occupies a length of Z© cni. in a capillary tube when the tempera- 
ture is 0° C. WTiat Ls the true length of the thread at f° C. (a) if tiic 
expansion of the tube is negligible, (6) if the coefficient of linear expan- 
sion of the material of the tube is A per deg. C. ? 

What, in case (6), is the apparent length of the thread at C. if 
ia read from a scale etched on the tube and correct at 0° C. ? 

(J.M.B., part qiiestion.) 
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18. Describe a method of measuring the coefficient of apparent 

expansion of a liquid. 

A glass bulb contains air and mercury. What fraction of the bulb 
must be occupied by mercury if the volume of the air in the bulb is 
to remain constant when the temperature changes? The coefficient 
of linear expansion of gla^ss may be taken as 7*6 x lO*"® per °C. ; the 
coefficient of expansion of mercury as 1 - 8 x 10~® per ®C. (O. & C.) 

19. Define the terms “ apparent ” and “ absolute ” coefficients of 
expansion of a liquid, and show how the former is foimd by means of 
a weight thermometer. 

A litre flask, which is correctly calibrated at 4° C., is filled to the 
mark with water at 80° C. What is the weight of water in the flask? 
(Coefficient of linear expansion of the glass of the flask, 8-5 x 10“*® ; 
mean coefficient of cubical expansion of water 5*0 x 10~®). (O. & C.) 

20. Explain what is meant by saying that the coefficient of linear 
expansion of brass is 0*000019 per deg. C. 

How would you determine this coefficient over the range 0°~100° C.? 

The barometric height, as read at 12° C. by a brass scale correct at 
0° C. is 76*52 cm. What is the actual height of the mercury column 
at 12° a? (J.M.B.) 

21. If I is the coefficient of linear expansion of a solid, explain 
carefully why 3Z may be used as the coefficient of cubical expansion. 

The height of a mercury barometer read with a steel scale is 754 
millimetres at 20° C. What will it read at 0° C. ? 

(Coefficient of linear expansion of steel 0 000012 per °C. Coefficient 
of cubical expansion of mercury 0*000182 per °C.) (O. & C.) 

22. Describe an accurate form of barometer. 

When the height of such a barometer has been read, what further 
stcj)s have to be taken in order to obtain an accurate value of the 
pressure in absolute units? 

Evaluate the correction for the expansion of the mercury and of the 
brass scale for an observed reading of 760*0 mm. at 20° C. The co- 
efficient of expansion of mercury is 0*000181 and the coefticient of linear 
expansion of brass is 0000019* (O.) 

23. How can you show that the density of water does not fall steadily 
as the temperature is raised from 0° C. to 100° C. ? What does your 
experiment indicate about the expansion of water? 

What importance has this result in nature? (G.) 
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THE EXPANSION OP GASES AND THE GAS LAWS 

Two points should be clearly understood before proceeding to 
consider the behaviour of gases. The urst is, that in every case^ a 
fixed mass of gaseous substance is dealt with ; if this point is 
realised now, later work on saturated and unsaturated vapours 
(when the mass of gaseous substance may or may not be fixedjr may 
cause less diflBiculty. We shall not distinguish here between the 
terms ‘‘ gas ” and ‘‘ vapour deferring this until p. 162, The 
second point is, that in all ordinary experiments we are working 
with gases at pressures of the order of one atmosphere and at 
temperatures between 0® C. and 100® C. ; and we must be prepared 
to find that experiments performed over wider ranges of pressure 
and temperature require that the conclusions based upon such 
limited observations be very considerably revised. 

Boyle's Law. The volume of a fixed mass of gas maintained at 
a constant temperature depends on the pressure to which it is 
subjected. Boyle, in 1660, showed by means of experiments similar 
to that described below, that for a fixed mass of gas at constant 
temperature the product pressure x volume is constant. This is known 
as Boyle's Law. It is not strictly true for any gas except at ex- 
tremely low pressures, when all gases obey it ; but all the common 
gases follow it closely enough under ordinary conditions for the la^^' 
to be applied in elementary calculations. It is thus of much greater 
importance than an extremely accurate result applicable to only a 
few substances, for it is a law nearly followed by all gases, and thus 
can be regarded as stating an ideal relationship to which the behaviour 
of actual gases approaches. For many purposes it is convenient to 
picture an imaginary substance which does obey Boyle’s Law under 
all conditions. Such a substance (which Js supposed to fulfil at 
least one other ideal condition as well, p. 250) is called an ideal gas, 
or a perfect gas. 

In symbols, if p stand for the pressure, and v for the volufe"^ 
occupied by the fixed mass of gas at that pressure, 

pxv^k, 



BOYLE^S LAW 


123 


where Jfc is a constant for that sample of gas at the temperature 
( oncemed. The actual value of h must be proportional to the mass 
of gas selected, and depends on the temperature and the molecular 
weight of the gas in ways to be discussed later. 

Verification of Boyle ’s Law. The usual experiment to test Boyle’s 
Law uses the apparatus shown in Fig. 65. A fixed 
mass of dry air is trapped by mercury in a 
graduated tube T, which communicates with a 
reservoir R through a length of rubber pressure 
tubing ; R is held on a sliding stand which allows 
a vertical travel of about a metre. The vertical 
height of the level B above the level A gives the 
head” of mercury A, which is the excess of 
the gas pressure on A above the atmospheric 
pressure H on B, The total pressure of the 
gas is thus (jff+A) cm. of mercury. If ^ is 
below A is negative; or, the total pressure is 
then obtained by subtracting the numerical value 
of h from H. 

Starting with R as low as possible, and raising it 
by steps of, say, 10 cm. at a time, readings of the 
head h and the volume of enclosed gas v are taken, 
the results being tabulated as below. Compressing 55.— Boyle’s 

a gas causes an appreciable rise m temperature, so 
it is necessary to allow a little time to elapse between adjusting 
R and taking the readings. 


Readings : 


Uarometric pressure H* . . cm. mercury. 

Heading 

A 

Xeading 

li 

Head A 
MB-A) 

Pressure 

p^(H+h) 

Volume 

V 

Product 

pv 








The figures in the last column should be approximately 
constant. 
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The experiment can be per- 
formed without reading the bar- 
ometer. ror,ifpv=l:,asp=H-i-A, 

{H+h)v^k. 
h=k--H. 

V 


Fig. 56. — Graph of head against 
1 /volume. 


Thus the relation between the 
head h and Ijv is linear, and if 
the law is true the graph of 'h 
against 1/v should be a straight 
hne. When l/2;=0, h== -H, so 
the intercept on the axis of h 
represents the height of the bar- 
ometer. The graph is as shown 
in Fig. 56. 

Some applications of Boyle’s Law. (a) Bicycle pump (Fig. 57). 
The tyre valve A and the cup washer B on the piston both act as 
valves which allow air to pass only into the tyre (from right to left 
in the figure). On the forward stroke of the piston, B presses 
against the wall of the barrel, and the volume of air in the pump is 
reduced so that the pressure in the barrel increases. When the 
pressure in the barrel sufficiently exceeds that in the tyre, air is 
forced through A, and most of the original barrel-full of air enters 
the tyre. 



Fig. 57. — ^Bicycle pump. 


Let the volume of the tyre (supposed constant) be F, and the 
volume of the pump barrel be v, so that each stroke of the pump 
introduces into the tyre a mass of air which occupies v at atmospheric 
pressure. Suppose that the initial pressure in the t 5 Te is one 
atmosphere, and let the final pressure after n strokes be Then, 
at the end of the n strokes, a fixed mass of air which occupied 
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Y ^nv units of volume at 1 atmosphere pressure occupies V units 
of volume at pressure atmospheres. So, using Boyle’s Law, 

X F-1 X (F + nv), 

= l atmospheres. 

The increase in pressure is thus directly proportional to the number 
of strokes. 

As the pressure in the tyre increases, so does the pressure in the 
pump barrel required to open the valve A, which thus opens at a 
later stage in each successive stroke. A cycle pump is only required 
to produce pressures of (at most) about 2 atmospheres, but if this 
type of pump is used for other purposes there is a limit to the 
pressure obtainable, quite apart from that set by the strength of 
the barrel. Suppose that the space beyond the piston when this is 
thrust fully forward is 1/20 of the whole volume of the barrel, 
the minimum volume to which a pumpful of air can be reduced is 
1/20 of its original volume, and the maximum pressure attainable 
will be 20 atmospheres. 

(6) Exhaust pumps. The valves of the simple piston exhaust pump 
are arranged to allow air to pass only outwards from the vessel to 
be evacuated (that is, upwards in Fig. 58). 

Let the volumes of vessel and pump be F and v respectively, and 
let the initial pressure in the vessel be Po ^nits. Starting with the 
piston at the bottom of its stroke, on the first upstroke the 
volume of the space in the pump increases, 
the pressure decreases, and the valve B is 
opened by the excess pressure of the air 
in the vessel over the now diminished pressure 
in the barrel. At the top of the stroke, F units 
of volume at pressure Po have become F H-v 
units at a lower pressure whence, applying 
Boyle’s Law to this fixed mass of air, 

Pi{V+v) 

Pi ^Po units of pressure. 

On the downstroke of the piston, B closes 
at once since the pressure in the barrel immed- gg ^principle of 
iately increases, while A opens as soon as the exhaust pump. 
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pressure in the pump barrel exceeds that of the atmosphere, after 
which the barrel-full of air escapes to the outside. On the second 
cycle of operations, the process is repeated, and the pressure pj 
after two strokes is given l3y 

7+tl (f+») (f+v) ‘ 

/ F 

units of pressure. 


The calculation can be carried on for each successive stroke, eai^h 
time applying Boyle’s Law to a difEerent fixed mass of air — ^tlie 
mass in the vessel at the beginning of the stroke. After three 

strokes the pressure is Pa^Poirr — ) * after « strokes the 
- y \n y +v/ 

pressure p„ is =Pa units of pressure. 

The pressure thus decreases by “ compound interest ”, and even 



Bto. 69.— Modem piston 
exhaust pump. 


vith a perfect pump operating for an 
indefinitely long time it would be im- 
possible to reduce the pressure in the 
vessel to zero. Apart from obvious 
mechanical difficulties, such as leakage 
past the valves, the chief factor limiting 
the vacuum attainable is that the valve 
A can only be opened by superior pres- 
sure from below. If the dead space ” 
above B is, say, one thousandth of the 
total volume of the pump, and the 
pressure has been brought down to one 
thousandth of an atmosphere, when the 
piston next moves down the barrel-full 
of air at 1/1000 atmosphere pressure will 
be compressed to 1 /lOOO its volume, and 
win just be at one atmosphere pressure, 
but this will not give the excess required 
to open the valve. Pig. 69 shows a 
modem type of piston pump in which 
this difficulty is overcome. There is no 
dead space above the piston, as this 
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is covered with a layer of oil which sweeps out the last traces of air 
at the top of each stroke. Direct communication by a side tube 
with the vessel to be evacuated obviates the need for the lower 
valve B of the simple pump, and it is clear that the air in the vessel 
expands into the vacuum produced in the cylinder by the downiuard 
motion of the piston, instead of 
luiving to force open any obstruc- 
tion. In the figure the piston is 
sliovTi about to start its upward 
stroke. 

Fig. 60 shows the scheme of one 
form of modern rotary pump, in which 
an eccentrically mounted cylinder 
rotates at high speed inside an outer 
case fitted with inlet tube and outlet pump, 

valve. A vane fitted to the cylinder, and arranged so that it always 
presses against the v ail of the casing, draws in air at A and then 

sweeps it round to the outlet valve. The 
theory of the action is the same as that of 
the piston pump, and it can be seen that 
for each half revolution the volume v swept 
out is the volume of the space between the 
cylinder and the case, while each rotation 
counts as two “ strokes 

The Toepler (or Antropoff) pump, while 
employing Boyle’s Law in just the same 
w^ay as the simple piston pump, overcomes 
the valve opening difficulty by using a 
mercury*surface as a piston. Communica- 
tion between the pump chamber v and the 
vessel to be exhausted is broken at B by 
raising the mercury reservoir R (Fig. 61). 
The mercury is then raised imtil the air in 
V has been swept do^ra a long capillary 
tube A. When R is lowered, a Torricellian 
vacuum is formed in v, as A is longer than 
76 cm., and when the mercury level falls 
past the Junction jB, v again communicates 
with the vessel F. Although cumbersome, 



t 

U 

Fio. 61 . — ^Toepler pump. 
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fatiguing to operate, and requiring large quantities of mercury, this 
pump is widely used where it is required to evacuate small vessels 
and to collect the gas pumped off (which can be done by placing the 
collecting vessel over the end of A). It was used, for example, in 
the classic work of Ramsay and Travers on the separation of the 
rare gases. Various mechanical means of raising and lowering M 
automatically, and restoring mercury from C to B, have been 
devised. , 

(c) The McLeod gauge (Fig. 62). This pressure gauge is wid^y 
used for the measurement of low pressures down to about 1/100 miii. 



of mercury. A narrow capillary tube is attached 
to a bulb which communicates at B, through 
a long vertical tube, with the vessel containing 
the gas of which the pressure p is to be measured. 
The volume of the bulb and capillary together, F, 
and the volume v of the capillary down to a fixed 
mark X, are known. 

By raising the mercury reservoir B, a volume 
F of gas at the unknown pressure p is cut off 
at B and compressed to volume v, when the 
mercury levels stand at X in the capillary and 
Y in the connecting tube. The difference in levels 
h between X and Y is observed. Then the fixed 
mass of gas cut off as a volume F at pressure 
p cm. has been compressed to volume v at pressure 
p-^h cm. So, using Boyle's Law, 

pV={jp+h)v, 


Mcl^^ ^au ^ proportional to A, a direct-reading scale 

o gauge. attached to the side of the connecting tube. 
It is assumed in this calculation that the volume of the apparatus 
containing the gas under measurement is so large that the intrusion 
of the mercury column up the connecting tube causes no appreciable 
increase of the pressure within it. 


The above theory of the McLeod gauge assumes that Boyle’s Law 
is accurately obeyed over a considerable range of pressure ratios, 
a condition more nearly fulfilled at low pressures than at higher 
ones. Travers, in “ The Experimental Study of Gases ” (Macmillan, 
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1901) records the conclusions of Ramsay that the McLeod gauge is 
untrustworthy as a means of measuring low pressures in the case 
of air and carbon dioxi^^e, and that no two of the gauges tested 
ever gave comparable results with these gases. On the other hand, 
with pure hydrogen it was found that consistent readings were 
obtained down to about 0*0001 mm. pressure, and it was considered 
that the gauge could be rehed on for measurements on hydrogen 
and the inert gases. 


EXPANSION OF A GAS AT CONSTANT PRESSURE 


Charles’ Law states that for a fixed mass of gas heated at constant 
pressure, the volume increases by a constant faction of the volume at 0° C. 
for each centigrade degree rise in temperature. 

The volume coefficient a for any gas is defined as the increase in 
volume of unit volume ai 0® C. for each centigrade degree rise in 
temperature, when a fixed mass of that gas is heated at constant 
pressure. 

Let Fq denote the volume occupied by the chosen mass at 0° C., 
and let V be the volume at f C. (Note here that Vq stands speci- 
fically for the volume at 0® C., and not just the original volume at any 
selected initial temperature ; and that t stands for the actual 
temperature f C., and not for any selected temperature rise.) 


Then 

and 


a = 


Izio 

Vot ’ 


F = Fo(l+af). 


In the calculus notation, since ( V - Fo)/< is the increase in volume 
for 1® rise, or the rate of increase of volume with temperature, it 


u dV . I dV 

can be written , whence a =77 -3- . 

dt dt 


The value of a is approximately equal to for most gases, and 
this is the figure employed in all elementary calculations. 

The apparatus of Fig. 63 , a modification of that originally used 
by Regnault, can be used to study the variation of volume with 
temperature for a fixed mass of air enclosed at constant pressure. 

Dry air is enclosed in the bulb B of known volume. The lower 
part of 5 is a graduated tube to which is connected a branch C open 
to the atmosphere. When the mercury levels X and 7 , which may 
be adjusted by raising and lowering the reservoir iJ, are the same, 
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the pressure of the gas in J5 is the same as' 
g II that of the atmosphere. Both B and C are| 

surrounded by a water bath containing an 
electric immersion heater which also serves 
as a stirrer. The temperature of the bath 
is observed by a mercury thermometer. The 
tube C, which at a casual glance seems 
superfluous, is needed because equality of 
height of two levels such as at X and Y only 
denotes equal pressure if the two coluitams 
are at the same temperature. 

After the first levelling of X and F, and 
the recording of the volume of the enclosed 
air at the cold temperature, the experiment 
proceeds as follows. Switch on the heater 
until a temperature rise of, say, 20 centi- 
grade degrees is obtained. Switch off, stir 
thoroughly, level X and F , leave for a short 
time, adjust the levels again if necessary 
and read the volume of the air and the temperature of the bath. 
Repeat this procedure several times, obtaining five or six sets of 
readings between room temperature and 100° C. 

The best way^ of treating the readings is to plot a graph (Fig. 64) 
of volume against temperature. It is found that the points all lie 
on a straight line, showing that equal changes in temperature lead 



Fia. 63. — Constant-pres- 
sure apparatus. 
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0 equal changes in volume at constant pressure, as Charles’ Law 

tates. 

By extrapolating (that is, extending the line beyond the plotted 
oints), the volume Vq at 0® C. is found. Extrapolating further, 
,y producing the line back until it meets the temperature axis, 
he point at which this axis is cut represents a temperature of 
bout - 273® C. Now, producing the line back in this way gives 
, complete graph which shows, not what actually does happen, but 
vhat would happen if the behaviour between the extreme observed 
emperatures were continued at all temperatures. It is known that 
lir liquefies under ordinary pressure at about ~ 190® C., but that 
loes not invalidate the use of the extrapolated graph to discuss 
be observations actually taken. 


The volume coefficient a, which is j 
he graph ; for 


1 d F 
Fo dt 


is found at once from 


dV AO 

it-m 


30 


1 

^0 


dt 


BO' 


V^^AO, 

" 273 ’ 


EO 


The volmne V at any temperature t° C. is represented by CI> ; 
I from the similar triangles AOB, CDB, 

CD AO 
BD'' BO’ 

V F, 

273 +< 273’ 


whence the volume of a fixed mass of air at constant pressure is 
directly proportional to the absolute temperature, obtained (p. 26) 
by adding 273 to the centigrade temperature. In other symbols, 
vriting T for 273 + 1, and Tg for 273, the capital letters standing as 
usual for the temperatures on the scale which starts at absolute zero 
nd calls this - 273° C., we have : 

Z-Yo 

T Tg 

1 dV 

All gases give similar results, with values of fairly close 

^ rfs : this was established by Regnault alter a series of careful 
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experiments. Hence Charles’ Law can be restated as : 

For a fixed mass of any gas heated at constant pressure, the 
volume increases by 1/273 of the volume at 0® C. for each centigrade 
degree rise in temperature. 

It must be remembered, however, that this generalisation, whick 
is used in all ordinary gas calculations, holds only when the constant 
pressure is not greatly above one atmosphere, that the exact value 
of the fraction is not precisely 1/273, and that this figure isiinol 
exactly the same for all gases. 

In this experiment, the expansion of the glass bulb, which 
be determined and allowed for, is a little less than 1 per cent, of tli( 
observed change in volume of the gas. It is important to read th( 
barometer at the beginning of the experiment, and also at interval] 
during its progress, to be sure that the atmospheric pressure hai 
remained steady. 

Determination of the volume coefficient from two sets of reading: 
only. The purpose of the experiment described on p. 130 was U 
find out whether or not the expansion of air at constant pressuu 
is uniform ; hence several readings were taken. Once we an 
assured that the expansion is uniform, only two sets of volume anc 
temperature readings are really required in order to find a. Ai 
V = Fo(l +a^) (p. 129), where Vq is the volume at 0® C., and V thi 
volume at t° C., then if this formula is to be used, one of tb 
observations must be that of the volume Vq at 0° C. But if th( 
measurements made are the volume Vi at tj^ C., and the volume F, 
3tt < 2 ° C., we have 

Fi = Fo(l+a^i) and F 2 = Fo(l+ag, 

Fj 1 'hodo 


whence, cross-multiplying and simplifying. 


2-V 

Fi^ 2 - F2^i 


The dry flask ” experiment to determine the volume coefficien 
for air. A dry round-bottomed flask of about 300 c.c. capacity 
fitted with a rubber bung, outlet tube, and clip, is weighed. It i 
then held in a large can of boiling water with the outlet clip open 
and left in the boiling water for at least 15 minutes, so that th< 
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nclosed air shall attain the temperature C. of the water, which 
)r the purpose of this experiment may usually be taken as 100 ® C. 
’he clip is then closed, and the flask removed and submerged, mouth 
owTiwards, in a large deep trough or bucket of cold water at a 
Binperature C. which is observed. The flask should be held 
ntirely below the water for some minutes ; it is then raised until 
he water levels both inside and outside are the same, so that the 
iressure of the enclosed air is atmospheric, as it was during the 
[cating, and the clip is closed. The flask is dried on the outside 
^nd weighed. Finally, the flask is filled completely up to the clip 
nth cold water and weighed again. 

Call the weights successively W 2 , and TTg gm., and suppose 
hat 1 c.c. of water weighs 1 gm. The mass of water filling the 
lask completely is (IFg - IFi) gm., and the volume of the fixed mass 
)f air which fills the flask at the high temperature < 2 ° C. is (ITg - Wi) 
!.c. Call this volume Fg. Similarly the volume of the flask not 
cupied by water at the temperature C., which is the volume 
)f the same fixed mass of air at ti C., is (If 3 - W^) c.c. Call this F^. 
alculate the values of Fj and Fg, and find a by substituting in the 

. , Fo-Fj 

The chief error in the principle of this experiment occurs when 
evelling in the trough before closing the clip, for though the total 
pressure inside the flask equals that of the atmosphere, this is made 
up of the pressure due to the enclosed air and the pressure of the 
w ater vapour with which the space is saturated. The water vapour 
pressure may amount to 15 mm. of mercury, or say 20 cm. of water, 
winch is a greater error than could possibly occur if the flask were 
iust clipped and removed at random. This error can be reduced 
using colder water in the trough, when the pressure of the 
aturated water vapour will be lower, and in any case can be 
orrected for properly, as described on p. 191. If the student 
aiming at an accurate result, the true temperature of boiling 
''^ater should be found by reading the barometer and making the 
appropriate correction, and the expansion of the flask should be 
^alriilated and allowed for. There remains some uncertainty about 
the actual temperature of the air in the flask when the clip is closed 
^-fter immersion in the trough, since the temperature of the water has 
hecn recorded, whereas the flask is in the air at that instant ; but 
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if the cold water is only a little below air temperature there shoul 
be very little error here if the levelling and closing is done quickly 
This experiment, which is an excellent exercise in manipulation 
is really not so crude as it appears, since the accuracy of the resnJi 
depends entirely on the trouble taken by the student. It should ] 
added that the assumption that 1 c.c. of water weighs 1 gm., evei 
if appreciably inaccurate (which it is not) would introduce no error] 
as volumes calculated on this assumption are factors of;, botl 
numerator and denominator of the expression for a. 

A 

PRESSURE INCREASE AT CONSTANT VOLUME 

Consider a fixed mass of gas of volume Fj, at temperature 
and pressure Pi, and suppose it to be heated to some temperatu 
^ 2 ° C at which the volume is nF^, the pressure remaining consta 
at pi. Next, let the volume be reduced again to F^ at the hig. 
temperature, by increasing the pressure to pg* If 
Boyle’s Law, P 2 V 1 -Pi . nF^, or Pz 
Thus the volume can be maintained at Fj when the temperatuit 
is raised by suitably increasing the pressure, and the law of increa 
of pressure at constant volume will be the same as the law of increase 0 
volume at constant pressure, if Boyle’s Law is obeyed. 

That is, the rise in temperature which causes an increase 
Vi to wFi if the pressure is constant at causes an increase froml 
Pi to npi if the volume is kept constant at F^. If Boyle’s Law isj 
not obeyed perfectly, then the theoretical basis of this argumeiilj 
fails. Nevertheless, experiments show that when a fixed mass < 
gas is heated at constant volume, the pressure increases by 
constant fraction of the pressufe at 0° C. for each degree centigrade 
rise in temperature, at least to a considerable degree of accuracy. 

The pressure coefficient jS for any gas is the increase in pressure 
expressed as a fraction of the pressure at 0° C., for one centigra 
degree rise in temperature, when a fixed mass of that gas is heat< 
at constant volume. If p^ be the pressure at 0^ C., and p 
pressure at f C., then 

- i P-Po . 

Pa’ t ’ 

• ■«» 

A- ^ 

Po<U' 


oalculus symhalti. 



CONSTANT VOLUME EXPERIMENT 


135 


Constant volume experiment. The apparatus usually used is 
Ifolly’s constant volume air thermometer (Fig. 65). A bulb V of 
^bout 100 c.c. capacity is filled with dry air ; F is connected by a 
flass capillary tube T and rubber pressure tubing to a movable 
jeservoir i?. A fixed reference mark X is made on the tube A. 
fhe mercury in the tube A is always brought to this mark, which 
iniits the constant volume maintained, before taking a reading, 
[he bulb V is heated in a water bath which is well stirred, and 
emperatures are read with a mercury thermometer. 


H 



Fig. 65. — Constant volume air thermometer. 


The height of the barometer, H, is first read. Then, starting with 
water in the heating bath cold, the temperature of the bath is 
aken and the mercury in A is brought to the fixed mark X, The 
eading Y of the upper surface of the mercury in Jf? is taken ; the 
ifference (F-X) gives the ‘‘headf of mercury h (h is reckoned 
egative if 7 is below X), and the total pressure is then p = (H 
n. of mercury. The water bath is then heated through about 
wenty degrees, heating stopped, and the bath well stirred. The 
lercury is brought to X and the level watched carefully ; a 
low downward creep of the mercury indicates that the air in the 
olJ:> V is still rising to the temperature of the bath, and re- 
is necesaaty wbetv tho mercury is. steady . The tempera- 
te^ oS tiae \)ath is then taken, and the level Y observed aa 
Here, Heating is then resumed, and further sets of readings 
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Fig. 66. — Graph of pressure against temperature at constant volume. 

are taken. The barometer is read again as a check at the end of 
the experiment. 

When the results are plotted, the graph of pressure agaiiisti 
temperature is as shown in Fig. 66. It is a straight line (whence] 
the pressure increases uniformly as the temperature rises), and wheni 
extrapolated meets the temperature axis at about -273° C. Thel 
slope of the graph, , . ^ 

^ 42 ^0 > 

W' W ^ 

1^ = J_ 

Po dt 273 ’ 

and the value of jS is 1 /273. 

The “ dead space ” of the capillary tube T causes an error which 
is difficult to estimate, since the exact temperature of this part of 
the apparatus is not known. The expansion of the bulb introduces 
an error in of the order of,l per cent. ; this can be corrected 
satisfactorily enough by adding the value of g, the coefficient oi 
cubical expansion of the glass, to the observed value of jS. It seemi 
curious to be mixing ordinary coefficients of expansion with thd 
pressure coefficient, but if we suppose the bulb to expand to (1 +gi 
of its original volume, and the gas inside then to be brought back 
to the original volume again by increasing the pressure, Boyle’s 
Law shows that a pressure (l+gt) times that actually recorded 
would be needed. Thus, correction for the volume expansion ol 
the glass does give the required correction to the pressure coefficient 

The pressure coefficient can be calculated from two readingSi 
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7 nther of which is made at 0® C., as follows. Let be the pressure 
al C., P 2 the pressure at C., and p^ the pressure at 0® C. 

As j3 — , the equation giving the pressure p for any tem- 

rature f C. is p =yo(l ; 

Pi 


So 


giving 


1+jSe/ 


P2-P1 
Pih ~P2h 


Accurate experiments have shown that jS is fairly close to 1 /273 
for all the permanent gases, and the law of increase with pressure 
at constant volume can be stated as : For a fixed mass of any gas 
heated at constant volume, the pressure increases by 1/273 of the pressure 
at 0° C., for each centigrade degree rise in temperature. With tho 

symbols of p. 131, we can write ^ ^ . 


REAL GASES AND THE IDEAL GAS 


Values of a and jS for the gases helium, hydrogen, and nitrogen 
are tabulated below. These figures are taken from Roberts* 
“ Heat and Thermodynamics **, and are results obtained by Heuse 
and Otto from observations at the ice point and the steam point. 
(The student who has read Chapter I thoroughly must surely have 
wondered about the scale of temperature employed in discussing 
the behaviour of gases ; since, if the constant volume hydrogen 
scale is used, we are bound to obtain results similar to those of the 
last sections, whereas if we are employing the mercury-in-glass 
scale the worth of the results may be queried. The answer that 
the present author always makes to this comment is, we must 
suppose that for these exercises and arguments we possess a mercmy 
thermometer which has been graduated so as to record faithfully 
temperatures on the true thermodynamic scale.) It can be seen 
t^'ft results taken with the ice point and the steam point as the two 
temperatures between which the expansions occur must give the mean 
values of the volume coefficient and the pressure coefficient over this 
interval ynthmU reference to any particular fAcmome^nc scale. 

N.H. 


K 
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Initial 
pressure 
(cm. of 
mercury) 

Hdium 

Hydrogen 

Nitrogen 

a 

0 

c 

0 

a 

i 

39-02 

0-0036595 

0-0036611 

0-0036604 

0-0036617 

0-0036664 


63-31 

36594 

36602 


36613 

36668 

36671 



36611 

36593 

36620 

36699 

36709 

f[ 

99-45 

36579 

36604 

36589 

36621 

36734 

36740 
^ 


The above table shows (a) the value of a is slightly different for 
different gases, (6) for each individual gas a differs slightly from jS, and 
(c) both a and jS depend on the pressure. 


Now, at extremely low pressures Boyle’s Law is closely obeyed ; 
and if Boyle’s Law is obeyed, the values of a and jS for the same gas 
should have exactly the same value, as was stated on p. 134. For, 
starting with a fixed mass of gas at 0® C., at pressure and volume 
To. and heating it to C. in two ways, first at constant pressure, | 
then cooling it down again and repeating at constant volume, 

(а) at constant pressure volume becomes Vq{1 + erf), product pY | 
becomes PqVq{ 1 +(xi), 

(б) ai constant volume Fq, pressure becomes ^ 0(1 + )3^), product pF j 
becomes PqVq(1 + pt). 

But if Boyle’s Law s obeyed, all values of the product pV at the ] 
same temperature must be the same, so PqV^{\ +(xJt) =2>o^o(l + | 

and therefore a = 

By plotting a graph of a or against the pressure, and extra- j 
polating to zero pressure, values of these coefiBcients at the limiting j 
conditions when Boyle’s Law is 'obeyed are found. These are : 

ct ^ 

Helium - 0-0036607 0-0036609 

Hydrogen - 0-0036611 0-0036610 

Nitrogen . 0-0036609 0-0036606 

Not only are the pressure coefficient and the volume coefficient 
for each individual gas very closely equal to one another ; but also 
the values for different gases are all close to the mean value 
0*0036608. Hence we can conclude that in the limiting case, ot 
extremely low density and pressure when Boyle* s Law is obeyed doseljli 
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phases have the same volume coefficient 0*0036608, and the same 
j^ressure coefficient 0*0036608. Real gases, however, behave in 
his way only at extremely low pressures, and this behaviour is an 
(ieal which is only approached as a limiting case. But we can 
magine a gas which would behave in this way at all pressures ; 
luch a substance is the ideal or perfect gas. 

Fixing attention now on the product pressure x volume instead 
)f merely pressure or volume singly, the value of this product at 
‘ C. can be written as either or PoVq{ 1 + pt). For the 

deal gas a = j3 = 0*0036608 ; this constant can be denoted by the 
symbol a, when both expressions can be written 

Hence, pV =Po^o(l 

=2>oT'o»(^+<). 

^nd since ^ constant, which we will here call (7, for the fixed 

pass of gas chosen, 

5,F-c(1+,). 

Absolute zero and absolute temperatures. It is now possible to 
dear up some ideas about absolute zero and absolute temperatures, 
|ind explain the convenience of these in gas calculations. 

From the equation pF = C + the graph of pF against t can 

j plotted for a perfect gas. The product pF is zero when 

~a^ ~ 0 0036608 

U this temperature, therefore, the product pF for a perfect gas 
vould vanish completely. This teiiiperature, denoted by Z on the 
[raph (Fig. 67), is the absolute zero of temperature. 

If the origin be transferred back to Z, and temperatures, denoted 
the capital letter T, be measured from the absolute zero, the 
cmperature T® on this notation is related to the temperature 
>n the centigrade notation by the formula + 273*2. Also, as 

= (273*2 +f) =sT, the equation for the product pF can bo 

cwritten as p F « CT, 

The addition of 273*2 or any other number to a oentigrade 
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Fig. 67. — Graph of product pY against temperature. 
reading is simply a matter of nomenclature or notation ; the term 
“ scale however, is applied to something much more funda- 
mental than this. What is meant by “ the absolute scale of 
temperature ”? 

In this argument, the behaviour of an ideal gas between the ice 
point and the steam point (for example, as found by House and 
Otto) was used as the starting point ; and the number obtained 
for the centigrade reading of the absolute zero of temperature 
is the value of the absolute zero on the ideal gas scale, which 
is identical with the Kelvin Absolute Thermodynamic Scale, as 
is proved on p. 281. When this scale is employed for the 
measurement of all temperatures, whatever the zero of the scale 
may be named, they are temperatures measured on the absolute 
thermodynamic scale. The temperature -273*2® C. is the absolute 
zero on this scale, and temperatures on this scale measured 
from absolute zero are called absolute temperatures, and denoted 
by the symbol °K. The temperature of the ice point is then 
273*2® K. 

The very searching question “How would you find experimentally 
the value of the absolute zero of temperature? ” is occasionally 
asked. It is not a straightforward task to obtain a value which is 
sound in 'principle with simple apparatus. The mercury thermo- 
meter must be discarded, and use made of the constant volume air 
thermometer alone. Using this as on p. 135, values of the pressure 
at 0® C. and 100® C. are obtained. The two points are plotted on ft 
graph and joined by a straight line ; this then states that equal 
changes in pressure correspond to equal changes in temperature, 
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go that temperatures on the constant volume air themumeter scale 
a i 0 being employed. Producing the line back to cut the temperature 
a :is, it is found as before to cut the axis somewhere in the neigh- 
bourhood of -273®C. ; the exact point gives the temperature of 
the absolute zero on the constant-volume air therTnometer scale, 
(The reading of the pressure at 100° C. should, of course, be corrected 
for the expansion of the glass bulb.) Alternatively, the constant 
pressure apparatus of page 130 could be used, taking readings at 
the ice point and the steam point, and proceeding as outlined above. 
This would give the value of the absolute zero on the scale of the 
constant-pressure air thermometer. It is clear that a mercury 
thermometer, even if graduated to read perfect gas scale tempera- 
tures accurately, must not be used in either of these experiments, 
for the simple reason that the substance used (air) is not a perfect 
gas. 

The values of the absolute zero obtained with accurate standard 
constant- volume gas thermometers, using the gases hydrogen, 
helium, and nitrogen, differ only slightly from the value on the ideal 
gas scale. But the differences, though small, are appreciable for 
accurate work, and are particularly important when a gas thermo- 
meter is used for the measurement of very low temperatures. There 
are two ways of allowing for the differences. The first is to 
determine the values of the “ second virial coefficient 
(p. lo?), for the gas concerned at 0° C. and 100° C., and from 
this calculate the deviation of the gas from ideal gas behaviour. 
The second is to use the Joule-Kelvin effect (p. 252) to calculate 
the temperature of the ice point on the absolute thermodynamic 
scale, which shows for certain how far the absolute zero of temperature 
is below 0° C. , 

Correction of the gas thermometer to the ideal gas scale or absolute 
thermodynamic scale. This section involves a certain amount of 
repetition of what has gone before, but it is essential, in order to 
be as clear as possible, to collect a number of matters together under 
one heading here. 

If we could obtain an ideal gas and use it in a gas thermometer, 
its readings would give absolute scale temperatures. We have, 
from the observed behaviour of an actual gas used in a thermometer, 
to make corrections for its departure from the behaviour of an ideal 
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With an actual gas (say hydrogen) we have the constant-pressure 
scale (here distinguished by suffix a), which defines C. as 


<. = 100 


Vj-Vo 

Vm-Vo' 


on which F, = Fo (1 H- a <«) ; (1) 

and also the constant- volume scale (suffix jS), which defines tp° C. as 


on which 


<g = 100 

PlOO "^Po 


■)<2) 


The values of a and j3 are different from one another for the same 
gas, and also have different values for different gases. 

For an ideal gas, the equation of p. 139 can be vTitten 


{pV)t = {pr)o(l +at), 


(3) 


where t (without any suffix) is the centigrade temperature on the 
ideal gas scale. The value of the absolute zero is - 1 /a, which is 


-273*2® C. 


Writing A for the product pV for an ideal gas, equation (3) 
becomes * a ^ 

+at)y 


and the equation defining C. on the ideal gas scale is 


^ = 100 


^100 -^0 


Summing up, the three equations defining C. on the three gas 
scales are : 


Ideal gas scale. 

Constant pressure gas scale, 
depending on a for the 
chosen gas. 

Constant volume gas scale, 
depending on ^ for the 
chosen gas. 

t=ioo 

Aioo ~ A© 

* 100 ^ 0 

tfl=100 

Pioo-Po 


The following method is that developed at Leyden by Kamerlingl 
Onnes for the correction of the helium gas thermometer. 

For an ideal gas, pV =^A, where A depends only on the tempera 
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tnre. For a real gas, the behaviour is represented by a “ virial 
expansion ” of the fprm 

where A is the same constant as in the expression for a perfect gas, 
and where (7^, etc., are empirically determined coefficients called 
virial coefficients ”, which are functions of the temperature only. 
This is only one of several alternative ways of writing down the 
expression for pF as a series. This method of expressing the 
behaviour of a gas in terms of empirical constants, together with 
certain limitations as to its usefulness in general, is discussed later 
(p. 169). For helium, the “ second virial coefficient " B,, is of the 
order 0’0005, and and the succeeding coefficients are very small 
indeed. The values of B^ determined at 0® C. and 100® C. are written 
Bo and JSjoo. 




Fig. 68. 


Then 


o ^Pioo -Po^ (pV)m-(py)o 
lOOpo 100(pF)o ” ’ 


F being constant. * 

Taking the virial expansion to the first two terms, substituting 

the values (pF)# = A# + y) and (pF)joo = Ajoc +^) . 

simplifying, 

p Aim-Ao Akio 

100 Ao 100 AjV F /’ 

^ Aioo=Ao(l + 100a) this simplifies to 


jS=o + 


1 + lOOa 


(^100 “ -^ o )* 


100 F 
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Thus, from the observed value of p and the virial coeflEicients ^ 
and Bjoo) which would be the value of the pressure coefficient of 
an ideal gas, is found. A correction graph giving the ideal gas sc.ile 
temperatures from the constant volume thermometer readings can be 
drawn. The form of the graph will be roughly as in Fig. 68. 

THE IDEAL GAS EQUATION 

We shall here assume (as is approximately true) that actual gases | 
behave as ideal gases. 

In the equation pv = CTf the value of C is 
W, or 

Now the pressure Po ^od the temperature 273*2® K. fix the density 
of the gas, w^hence the volume is proportional to the mass con- i 
sidered for that particular gas. The value of C is proportional to I 
this mass, and is only a constant in the sense that it has a fixed I 
value for each selected mass of a particular gas. It is convenient ! 
to work out the value of this constant for unit mass of gas. 

Two kinds of unit are used : the gram, and the gram-molecular- - 
weight or mole, which is 32 gm. for oxygen, 4 gm. for helium,' 
2*016 gm. for hydrogen, and so on. The second is the more usual 
unit. 

The symbol R is used for the constant thus calculated ; R has 
the same value for 1 mole of all gases, and this value, denoted 
throughout this book by the letter R without suffix, is called the 
gas constant. 

The value of C for 1 gm. of any given gas is of course different for 
different gases, and may be denoted by the symbol -Bunit or Bj, 
or with a distinguishing suffix referring to the gas concerned. 

The ideal gas equation, referring to one mole of any gas (since we 
are supposing that all gases obey the equation) is 

the capital F denoting volume from now on when this equation is used. 

At first sight, the mole appears a curious unit, and its choice 
needs some explanation. Avogadro’s Hypothesis states that equal 
volumes of all gases under the same conditions of temperature and 
pressure contain equal numbers of molecules. Further, it is found 
experimentally that one mole of any gas under standard temperature 
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ainl pressure occupies approximately 22*4 litres ; and the number of 
jjiolecules in one mole of any gas, denoted by the symbol has 
on determined by several independent methods, the value 
( repted in 1941 being, according to Birge, 6-03 x lO^^ molecules, to 
thiee significant figures. Hence, in dealing with one mole of any 
we have something much more fundamental than a fixed mass 
>f gas, for whatever the chosen gas may be, we have always the 
rime number of molecules. 

So important is this method of reckoning that nowadays it is 
usual to express any mass of gas as its molar fraction n. For 
example, 1 gm. of oxygen is 1/32 of 1 mole of oxygen, whence n 
\ 1 /32. The ideal gas equation for a molar fraction n is then 

pVn-nRT. 

Alternatively, if m is the mass in grams, and M the molecular weight, 

n = ^ and mass. 

It is clear that this avoids all the confusion and ambiguity which 
surrounds the use of the symbol R to denote several different 
things. 

Calculation of R for one mole of any gas (supposed ideal). We 
know that when 

p =*76 cm. of mercury = 76 x 13-6 x 981 dynes per sq. cm., 
and T =273-2® K., 

then V =22*4 litres =22400 c.c. for all gases. 

pV 76x13-6x981 x22400 
T ~ 273-2 

= 8-3 X 10’ units. 

The units are usually given as ergs per mole per centigrade degree^ 
for reasons which will be evident later. 

Calculation. of R^ for a given gas. Here, and in all calcula- 
tions involving actual gases, we shall take 0® C. to be 273® absolute, 
using the relation 2r=<+273. There is a good reason for this. 
It is not that there is any extra hardship in multiplying or 
^viding by 273-2 instead of 273, nor yet because it is usual. The 
point is, that actual gases axe not perfect gases ; 273*2 is 1/a for 
^ perfect gas, but 273 is nearer to 1/a for air and hydrogen and 
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helium, and it thus appears more accurate to use the latter figure^ 
In this calculation, if we use the figure 273-2, we calculate ifunit for 
an ideal gas of the same molecular weight as hydrogen ; with 273 
we calculate a value of i?unit which is a little closer to the value 
for hydrogen itself. There is no inconsistency here with what lias 
been said on p. 144 ; for the perfect gas equation is being used, and 
at the same time also a figure which corrects in the right direction 
for the fact that the gases used are not quite perfect gases. 

The data supplied are usually corresponding figures of derisity, 
temperature, and pressure. For example, given that the det^sity 
of hydrogen at 0® C. and 76 cm. pressure is 0-00009 gm. per c.c.j 

p = 76 X 13-6 X 981 dynes per sq. cm., 


and 


-Rimit = -TST 


76 X 13-6 X 981 
273 X 0-00009 


= 4- 12 X 10’ erg/gm./®C. 


If the density (or the volume occupied by a stated mass) at some 
other temperature and pressure is given, there is no need to reduce 
to standard temperature and pressure, for always -Buuit=pF/T/ 
where V is the volume m c.c. of 1 gm. at the pressure p dynes per 
square centimetre and temperature T° absolute stated. 

Reduction of gas volumes to standard (or normal) temperature and 
pressure. A temperature of 0® C. or 273® absolute, and a pressure 
of 76 cm. of mercury under specified conditions are called standard 
temperature and pressure (s.t.p.), or normal temperature and pressure 
(N.T.P.) 

Let V be the volume measured at pressure p cm. and temperature 
<® C., and Fn the required volume occupied by the same sample of 
gas at 0® C. and 76 cm. pressure. 

First, express the temperatures in degrees absolute : 

0® C. =273® absolute, ^® C. = (273 -f t)° absolute. 

Then as pV/T is constant for the fixed masa of gas, 

pV 76 X Fo 
e + 273 273 ’ 


or 


Fo = F. 


P 273 
76’ < + 273 


c.c. 
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Conversion of densities from one set of conditions to another. As 
is inversely proportional to volume, and we are considering 
j i Tced mass, say m gm., the density p ==mlV, so V ^mjp ; 
the equation pF/r = constant, becomes 


= constant, so 


pT 


= constant. 


I'he mass of a given volume of pure gas under given conditions 
san be found by multiplying the density calculated as above for 
these conditions by the given volume ; or else by reducing the 
volume to N.T.P., and multiplying by the density at n.t.p. 

Calculation of the mass of a given volume of mixed gases. Dalton’s 
Law of Partial Pressures states that the pressure due to a mixture 
rf gaseous substances which do not interact in any way equals the 
sum of their partial pressures. A gas introduced into a closed 
container expands so as to fill the whole of the container as if it alone 
were present. For example, when a closed vessel contains air at 
a pressure of 40 cm. of mercury, this air entirely fills the vessel ; 
when a quantity of hydrogen, such that if it were the only substance 
present in the vessel it would exert a pressure of 30 cm. of mercury, 
is introduced, the total pressure is 70 cm. ; if in addition a quantity 
of carbon dioxide which, if filling the vessel alone would exert a 
pressure of 10 cm, is added, the total pressure is 80 cm. of mercury. 
Each gas, in fact, fills the vessel and exerts its own pressure just as 
if the other gases were absent. 

To calculate the mass of any volume of such a mixture, the 
density of each gas at the given temperature and under its own 
partial pressure is first calculated ; the density of the mixture^ is 
the sum of the densities thus calculated ; and the total mass is the 
product volume x total density. 


THE KINETIC THEORY 

A molecule of any substance is defined 8us the smallest portion 
of that substance capable of independent existence, and there is 
abundant evidence that for any given substance the molecules are 
all alike in their chief properties. It was considered, before the dis- 
"very that many of the elements have several isotopes, that all the 
Molecules of a given* substance hafve exactly the same mass ; here 
shall neglect the existence of isotopes. The molecules of aH 
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bodies are continually moving, and thus possess mechanical energy; 
and it is believed that the energy of the moving molecules themselves 
is in fact the form of energy known as heat. 

The difference between solids, liquids, and gases can briefly be 
summarised as follows. 

In a solid, the molecules are anchored in position under strong 
mutual attractions, the nature of which need not here be discussed. 
Each molecule oscillates about its mean position, the amplitude 
of the oscillations increasing as the temperature rises ; this gives a 
qualitative explanation of expansion. When the melting point is 
reached, the oscillations are sufficiently violent to overcome the 
attractive forces, and the rigid ” structure breaks down, giving 
a liquid. The latent heat of fusion absorbed in melting represents 
the supply of energy needed to break down this structure. 

In a liquid, the molecules are free to move about at random, 
though they are still held together in a body of fixed volume by the 
attractions between them. The energies of the molecules are dis. 
tributed about a certain average value at any temperature, and at 
any instant some have energies much less than, and others energies 
much greater than, this value. The faster molecules in the neigh, 
bourhood of the surface escape, and are free to move about 
individuals in the space above. If the most energetic molecules 
escape, the average energy of those remaining is reduced, so that 
evaporation cools the liquid (or it may be that latent heat is 
supplied from outside to make good the deficiency). 

Now consider what happens when 1 gm. of water at 100® C., 
occupying approximately 1 c.c., is converted into steam at 100® C. 
and one atmosphere pressure. The volume of the steam is 1600 c.c., 
so that the molecules which would formerly have occupied a cube 
of 1 cm. side now occupy a cube of ^^1600, or 11-7 cm., side. It is 
clear that the actual bulk of the molecules themselves cannot be 
more than 1/1600 of the volume occupied by the steam, the rest of 
the space (although ‘‘ occupied ” in the sense that other matter is 
excluded from it) being empty. Also, the molecules must be, on 
the average, nearly twelve times as for apart in the gaseous state aa 
they were in the liquid state. 

No satisfactory ** law of force ’’ for molecular attractions haa 
been completely worked out, though variations' inversely as different 
powers of the distance have been suggested from time to tiiD®' 
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jui it is certain that the attractions diminish greatly as the average 
js'ances between the molecules increase. Let us suppose the 
team to be maintained at 100® C. when, as an unsaturated vapour 
p. 162) we can apply Boyle’s Law if we expand it. If the volume 
f the steam is increased ten times, the pressure is reduced to about 
^10 atmosphere, the molecules now fill only 1/16,000 of the total 
olume occupied, and the average distance apart is increased to 
5-2 times the original distance in the liquid state. 

iieducing the pressure thus (1) reduces the fraction of the occupied 
olume which is actually filled by the molecules themselves, and 
2) by increasing the average separation of the molecules reduces 
he effect of their attractions for one another. At extremely low 
>ressures, the fraction of the total volume filled by the molecules 
hemselves is vanishingly small, and so is the effect of attractions. 
hi at extremely low pressures the physical behaviour of an actual 
as approaches that of the ideal gas ; hence, low-pressure cmditions 
lith an actual gas are the conditions always obtaining with an ideal gas 
i all pressures. 

The difference between a real gas and the ideal gas, therefore, is 
he same in kind as the difference between a real gas at high pressure 
tnd a real gas at low pressure. In one case, the molecules occupy 
HI appreciable fraction of the total volume and attract one another 
ippreciably ; in the other case, the molecules fill only an infinitesi- 
nally small fraction of the total volume, and attractions between 
km are entirely negligible, In applying the kinetic theory to an 
deal gas, then, we shall neglect the volume of the molecules them- 
«lves, and also neglect the effect of their attractions. When the dis- 
)repancies between the behaviour of a real gas and an ideal gas come 
c be discussed, these two points will be the first to be considered. 

Pressure of an ideal gas. The suppositions made for the purposes 
)f this calculation are : 

(1) The molecules behave as if they were hard, smooth, perfectly 
iastic spheres. (What is now known about atomic and molecular 
structure does not refute this supposition, but rather explains why 
t is helpful.) 

(2) The molecules are continually in random motion, colliding 
'»ith one another and with the walls of the containing vessel. 

(3) The average kinetic energy of the molecules is proportional 
0 the absolute temperature. 
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(4) The molecules do not exert any appreciable attractions on 
one another. 

(5) The space actually filled by the molecules themselves is onl; 
an infinitesimal fraction of the total volume occupied. 

A perfectly elastic sphere of mass m and velocity u impinging 
perpendicularly on a fixed rigid wall has its momentum reversed, 
from mu to -mu, and the wall receives an impulse equal to the 
change of momentum of the sphere, 2mu. If, during one second, 
a large number of such impacts occur, the average force on the Wall 
by Newton’s Second Law of Motion, is equal in absolute units tc 
the total change of momentum in that second. The pressure is then 
obtained by taking the force on unit area of the wall. This is an 
outline of the principles of the calculation which will be used. 

Suppose that a closed vessel of volume v c.c. contains a fixed mass 
of gas at pressure p dynes per sq. cm., the total number of molecules 
being n. The number of molecules per c.c., v, is then given by 
v — njv. Let m gm. be the mass of each molecule. 

Imagine for the moment that all the molecules are moving in a 
direction perpendicular to one wall of the container with velocity 

u cm. /sec., and consider 1 sqi 
cm. of this wall (Fig. 69). 
All the molecules contained 
in a prism of length u cm. 
and base 1 sq. cm. strike 
the selected area in one 
second. The volume of this 
prism is u c.c., and the number 
of molecules contained in it is 
mi. Each molecule undergoes 
a momentum change 2mu at 
right angles to the wall when 
it strikes it, giving the wall a 
corresponding impulse 2mu. 
Hence, force on imit area 

^2nm X vu 
^2vmu^ dynes, 

so the pressure p is 2vrm^ 
Fig. 69. dynes/sq. cm. 
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Apart from demanding a somewhat extensive space in which to 
struct the prism (though this does not invalidate the argument, 
jeause a suitably short time interval could easily be chosen instead 
one second), two extremely unlikely assumptions have been 

nade. 

If the molecules are moving at random in all directions, it is 
lighly improbable that at a given instant they will all be simul- 
taneously moving in the same direction. It is more reasonable 
to suppose that they will, on the average, be distributed equally in 
}ix directions along any set of rectangular co-ordinate axes we like 
to choose, as shown in Fig. 70, On the average, then, only one 
lixth of the vu molecules considered in the prism will be moving 
; 0 wards the wall in a direction at right angles to it. So it would be 
nore accurate to write 

p = J- . 2vmu^ = ^vmv? d 3 nie/sq. cm. 



Pio. 70. — ^Average resolved distribution of molecular velocities. 

The second false assumption must now be shed. All the molecules 
not have the same value of and we should by rights consider 
ie average value of for all the molecules. This is called the mean 
" ire velocity y and is given the symbol c\ Hence, the expression 
drived at for the pressure is 

dyne/sq. cm. 
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Now, v^njv, 

p=-inmc^lv, 

or pv^\nmc^. 

We shall not stress here the unsatisfactory features of the above 
deduction (which lie entirely in the mathematics, and not in the 
physical principles employed). It justifies itself as a method of 
presentation first on account of its relative simplicity, and secondly 
because the most rigid statistical treatment of the two averaging 
processes leads to exactly the same equation as that obtained hspre. 

Now consider 1 mole, and write F for the volume occupied and 
N for the number of molecules. 


Then p F = \Nmc^. 

Or, as Nm equals the molecular weight in grams, Jf, 

Let the average kinetic energy of the molecules be directly 
proportional to the absolute teniperature. (There appears to be a 
difference of opinion as to whether this is an assumption made 
originally, as has been stated here, or whether it can properly be 
considered to be a deduction from the argument. This is perhaps 
all a question of wording ; as it leads to the established equation 
pF = iZT, it is an assumption which appears well-founded.) 

Then ==aT, where a is a constant ; 

\Nmc^=NoLTy 

and pF = ixVmc 2 = f . \Nmc^=^lNoiT. 

The equation pV = \NaT is the same as pF =i?T, if %Na =7?. 

Thus, by considering a simple model of an ideal gas, the equation 
pF ^RT has been deduced theoretically. 


As %Ncc is the same as iJ, 72 =5 olN or 

o 


OL 


3 R 
2N’ 


The ratio RjN (which is the value of R for one molecule) ii 
called Boltzmama’s Constant, and is usually given the symbol k. Tha 

a = I A and |mc* = ^kT. 
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deductions from the ideal gas equation 

1, Detennination of the value of JcK 

As pV =JNmc*, 


P=i' 




But NmlV is the total mass of gas divided by its volume, and 
bus equals the density p. _ 


Hence 


23=Jpc2 oj. 


his gives the square root of the mean square velocity, which is not 
[uite the same thing as the average velocity ; the difference depends 
n the distribution of the velocities of the individual molecules, and 
an be calculated, but we will here suppose that it is small. 

For hydrogen at n.t.p. assuming the figures p =0*00009 gm./c.c., 
1 = 76 X 13*6 X 981 dynes /sq. cm., 

(70x13*6x981 
0*00009 
= 1*86 X 10^ cm. /sec. 

The following table, taken from Kaye and Laby’s “ Tables 
;ives the values of at 0° C. for the common gases. 




Gas. 


Hydrogen - 

18-39 X 10^ cm. /sec. 

Helium . . - 

13-1 xlO* 

Nitrogen . - - 

4-93 X 10* 

Oxygen 

4*61 X 10* 

Carbon dioxide - 

• 3*92 X 10* 


It is interesting to compare the value of J with the velocity of 
sound in the same gas. The formula for the velocity of sound, in terms 

the pressure and the density, is velocity , where y is the 

atio between the two specific heats (p. 259) and has the value 1‘40 
t ’ a diatomic gas. Thus, for air or hydrogen, at a given pressure, 

Vc* : velocity of sound : 'sj— = Vs : V 140. 

N.H, 
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2 . Graham’s Law of Diffusion. When a gas flows through a wide 
tube under a pressure gradient, it behaves as if it were a continuous 
fluid. But when a gas passes through a flne hole or tube, or a 
porous solid which is composed of numerous very flne tubes, it 
travels through molecule by molecule. This process is cafled 
diffusion, and was investigated thoroughly by Graham. The 
rate of diffusion depends on the density of the gas, other things 
being equal ; the lighter the gas, the greater the rate of diffusion. 
There are several well-known simple experiments to demonstrate 
this. For example, a closed tube of unglazed earthenware is fitted 
with a manometer and filled with hydrogen ; the pressure inside "the 
tube falls rapidly, as hydrogen escapes faster than air enters through 
the pores. Jf the same vessel is filled with carbon dioxide, the 
pressure rises, as air enters faster than carbon dioxide escapes. 

Graham’s Law of Diffusion states that the rates of efflux of 
different gases through a porous septum under given conditions are 
inversely proportional to the square roots of their densities. For 
two gases, 1 and 2 , at the same pressure, if the rate of efflux is 
taken as proportional to \/ for each gas. 



^=V-- 

Vcj* ^ Pi 

whence Graham’s Law should theoretically be true. 

3. Avogadro’s Hypothesis. This states that equal volumes of all 
gases under the same conditions of temperature and pressure 
contain equal numbers of molecules. 

' CJonsider two equal volumes V* at the same pressure and the same 
temperature (which means that |mc^, the average molecular kinetic 
energy, is the same in both cases). 

Let there be % molecules of mass 7 % in one gas and molecules 
of mass m 2 in the other, and let the mean square velocities be 
and ~ 

Thep pV and also pF== 

whence 

But As the-temperatures are the sam^, hence 74 .*=% 

and the two volumes contain the same number of molecules. 
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4. Dalton's Law of Partial Pressures. Consider a volume V 
oiitaining % molecules each of mass % and mean square velocity 
j2 exerting a pressure Pi, n2 molecules each of mass m2 and mean 
qiiare velocity exerting a pressure P2, and /I3 molecules each 
if mass m3, and mean square velocity exerting a pressure pg, 
he whole mass of course being at the same temperature. 

As each gas expands to fill the whole of the container and occupies 
oliime V at its own pressure, 

But as the whole is at the same temperature, the average kinetic 
nergy of the molecules of each kind is the same, 

m Cj* =m2C2* =m3C32 =mc^ say ; 

whence (Pi +P2 +P3) F J (% + Wg + ^3) 

kit (rii + rig + ng) is the total number of molecules n, and the total 
)ressure p should be represented by pF -^nmc^. 

Thus the total pressure p is the same as p^ +P2 ; or, the 

)ressure due to a mixture of gases or vapours which do not interact 
n any way is equal to the sum of their partial pressures. 

Thus the simple kinetic theory, which leads to the equation 
iF = RT for an ideal gas, goes much beyond this, and appears to be 
,ble to explain nearly all the general rules about gaseous behaviour 
diich are obeyed approximately by real gases. Unfortunately, 
ihese rules are not strictly obeyed by any real gases, but the theory 
B clearly working in the right direction. The lines along which 
k theory must be modified to deal with real gases have already 
tieen indicated ; these modifications will now be discussed in detail. 

PROPERTIES OF’REAL GASES 

Air, oxygen, nitrogen, hydrogen, and the other “permanent 
[ases obey Boyle’s Law to within less than one part in a thousand 
t is, the products pV agree to well within this limit) at ordinary 
Jressures and temperatures. At higher pressures and lower 
lemperatures, the deviations are more pronounced. 

Many investigators have tested the validity of Boyle’s Law at 
pressures. Regnault performed a series of experiments to test 

hcther doubling the pressure reduced the volume to exactly one half, 
Amagat conduct^ experiments in which pressures up to about 
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3,000 atmospheres were reached. Amagat’s earlier experiments 
up to about 300 atmospheres, were done with apparatus similar u 
principle to that of Fig. 55 (p. 123), the chief difference being thaj 
the reservoir R was not movable, but was fixed to the face of a higj 
cliff in one set of experiments and to the side of a mine shaft ij 
another set, the pressure being increased by pumping mercury in 
at the bottom of the tube corresponding to R, 

All the experiments sho^, 
that the product 'pVx for i 
fixed mass of gas at cohstam 
temperature is not constant, 
but is a function of the 
pressure. The variation o 
pV with p is as shown in 
Fig. 71, which in its genera 
form applies for all gases 
For each gas there is a cer 
. tain temperature called the 

/X u • 1 x Boyle temperature, at whicli 

Fig. 71. — Curves showing general variation ; . ^ i i 

ofpFwithj). pF is approximately inde- 

pendent of p and Boyle'a 
Law is obeyed closely. For higher temperatures, pV increases asji 
increases, while for temperatures below the Boyle temperature pH 
at first decreases, reaches a minimum, and then begins to increase. 

The Boyle temperature for helium is 23° K., for hydrogen 
109° K., and for nitrogen 323° K. In experiments done at ordinary 
temperatures, then, the first two gases follow the highest of the 
three curves of Fig. 71, while nitrogen follows the lowest line. 

The variation of pF withp (or with 1/F) at any temperature can 
be expressed analytically as a virial expansion, or virial equation 
One form of this was used on p. 143, namely : 

). 

Another form is : ^ 

)■ 

in which odd powers of 1/F, except the first, are omitted. 

A third form is : pV =A(1 + ... ), 
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(}ie A term in each case being the “ ideal gas ” term, and A and 
the B% C% etc., being functions of the temperature alone. 
1, Bt C, ... called the first, second, third ... virial coefficients, 
tre characteristic of the individual gas. 

The first virial coefficient. A, is the value of the product pF 
»rhen p is exceedingly small, and it should be the same for all gases, 
fhc second virial coefficient B^ is of great importance in discussing 
;he behaviour of individual gases, while (7^, D^, and the succeeding 
;oefficients are progressively smaller and are usually neglected. 
The values of the second and succeeding virial coefficients may be 
‘ither positive or negative, depending on the temperature. The 
;joyle temperature is the temperature at which the second virial 
joefficient B^ is zero ; and Boyle’s law is obeyed closely at this 
iemperature provided that p is not so great that the higher terms 
n the expansion containing the very small coefficients (7^,, ... 

jecoine appreciable. Below the Boyle temperature B^ is negative, 
vhile above the Boyle temperature B^ is positive. 

These expansions are empirical equations, the “ constants ” of 
Aich are adjusted to fit the observed results, and are simply the 
ilgcbraic equivalents of the plotted curves. 

In looking for a simple physical explanation of this behaviour of 
eal gases, it is necessary to recall that the kinetic theory suggests 
hat Boyle’s Law should be obeyed if the molecules are themselves 
nfinitesimally small, and if they do not attract one another at all, 
Lssumptions which were shown on p. 149 to be extremely improbable. 
At low temperatures, the value of pF decreases as the applied 
TOsure increases ; that is, the applied pressure required for a given 
rolume decrease is smaller than Boyle’s Law suggests, ff the 
nolecules do attract one another, and the attraction increases as the 
iverage distance between them decreases, this attraction helps to 
)ull them together, and is equivalent to an extra applied pressure 
rom without, so that the pressure actually needed is less than it 
vould be if there were no attraction. The subsequent rise in the 
[raph at higher pressures may be explained if we suppose that the 
iiolecules themselves occupy a finite volume, so that the observed 
^olipie F is greater than that actually available for the molecules 
^ move about in, and the product pF is really over-estimated, 
^ese two tendencies, effectively adding to the applied pressure and 
educing the observed volume, act in opposite directions on the 
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product pF, and both will be affected by the temperature. At 
higher temperatures, the molecules will, on the average, be moving 
more rapidly. The effect of attractions will be less, since each 
molecule spends less time close to other attracting molecules ; aJso^ 
the volume effectively occupied by the molecules might be expected 
to be greater when they are moving faster, just as the area of a cricket 
field defended by, say, cover-point, depends on how fast he can run. 

At the Boyle temperature, the second tendency just counteracts 
the first, whereas above the Boyle temperature the second tendency 
is the greater ; so the product pF increases from the start. ;\ 

Continuity of state. Another question now arises. Sulphur 
dioxide, carbon dioxide, and many other gases do not at ordinary 
temperatures behave like air or hydrogen. If a sufficiently grei^it 
pressure is applied they liquefy. The change of state is evidenced 
by a sudden considerable reduction in volume, the evolution of 
latent heat, and the appearance of a visible surface ; if none of 
these is observed in an experiment it may reasonably be concluded 
that the substance remains gaseous. Increasing the pressure and 
reducing the volume should, if the earlier deductions be sound, 
favour liquefaction, since molecular attraction should be strongest 
at close quarters. But, if some gases liquefy under pressure, why 
not all? 

The first experiment leading to a solution of this question is that of 
Cagniard de la Tour (1822). A liquid such as water or ether, trapped 
by mercury, was heated in the short limb of a closed tube, the longer 
end of which served as a closed air manometer. As the tempera- 
ture increased, a stage was reached at which the liquid meniscus 
had disappeared, the whole of the contents appearing homogeneous. 
The temperature at which this ^occurred was called by de la Tour 
the critical temperature for the substance. On cooling again, the 
boundary reappeared. Fig. 72 illustrates a Science Museum appar* 
atus for demonstrating this effect. 

These observations can be described in several ways. It is known 
that the surface tension of a liquid diminishes as the temperature 
rises, and it may be that the surface tension has become vanishingly 
small, so that the visible surface disappears, though liquid substance 
remains in the bottom of the tube, and gaseous substance at the top- 
Or, as the temperature rises the liquid becomes less dense and the 
saturated vapour (p. 162) denser ; it may be that at the critical 
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Fig, 72. — The glass tube contains carbon dioxide at about 60 atmo- 
spheres pressure, the liquid meniscus at air temperature being about 
half-way up the tube. The meniscus disappears when the hot air 
current raises the temperature above the critical temperature, to re- 
appear on cooling. 

Reproduced from (he Science Museum Handbook, on Very Low Temperatures, 
by perm i&Bion of the Controller of H. M, Stationery Office, 

temperature both liquid and vapour have the same density (and this 
is actually the case). But the ability to form a homogeneous 
mixture depends on molecular attraction rather than merely on 
density, so that the molecular attractions must be the same for liquid 
and vapour molecules at this stage. 

These different descriptions really all amount to the same thing. 
What can be said of a liquid which has no surface, which has the 
same density as the vapour above it, and in which the molecular 
Attractions are the same as in the vapour, so that it mixes with the 
ppour and is indistinguishable from it? We can only say that at 
critical temperature there is no visible distinction between a liquid 
ind its vapour, and that above the critical temperature the liquid stale 
longer persists, and the substance is aU in the gaseous state. 

Andrews’ escperiments on carbon dioxide. Andrews, in 1863, 
obtained a series of values of pressure and volume at constant 
emperature, and plotted a series of isothermal curves — ^that is. 
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Fig. 73. — ^Andrews’ apparatus. Fig. 74. — Andrews’ volume curves for 

carbon dioxide. 

curves showing how V depends on p when the temperature ii 
constant. 

Carbon dioxide was contained in a calibrated glass tube by a pelle 
of mercury, the open end of the tube being in a liquid chamber ti 
which pressure was applied by screwing in a plunger. The pressur 
was measured by observing the diminution in volume of air o 
nitrogen (the behaviour of which was known) in a similar tub 
(Fig. 73). The resulting curves are shown in Fig. 74, and thes 
curves can be divided into two classes. 

(1) For 31*1® C. and above, continuous curves similar to, thoug 
not so steep as, the air curves shown in the upper right-hand come 
of the figure. 

(2) Below 30® C., each curve showed three distinct portions (Fig. 7^ 
p. 162) ; a smooth curve AB somewhat similar in general trend t 
those at higher temperatures, a horizontal part BC, along which, ft 
one value of the pressure, the volume may have any value lyifl 
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ef ween B and (7, and a very steep part CD along which a very small 
hange in volume is caused by a large increase in pressure, and the 
[ibstance is practically incompressible. Between A and B the 
iibstance is gaseous ; between B and G the substance is liquefying, 
otli liquid and vapour being present together in equilibrium, and 
[le gaseous portion is a saturated vapour. At B the substance is 
ntirely gaseous, at C entirely liquid ; the length of BC denotes the 
ifference between the volumes of the fixed mass of vapour and the 
a,me mass of liquid. Along CD the substance is entirely liquefied. 
Ig. 75 refers to one of the lowest isothermals obtained. For higher 
iinperatures, the length of the horizontal part decreases, showing 
lat the difference between the volume of the liquid and that of the 
apour is less. Just below 3M° C., the horizontal part is reduced 
0 a point, while at 32*5® C. there is no horizontal part at all, though 
here is a kink in the curve, showing abnormally high compressi- 
lility. At 35*5° C. the kink is less pronounced, while at 48*1® C. the 
lurve is smooth and very similar to the air curves. 

The critical temperature of carbon dioxide, as determined by 
ibserving the temperature at which the meniscus of liquid carbon 
lioxide disappeared, was found by Andrews to be 30*9® C. The 
M® C. isothermal is then practically that for the critical tempera* 
urf, and really represents a dividing stage between the two types 
)f curve. At this temperature it is just possible to liquefy the gas 
ly pressure, and at the point when this occurs the volumes of liquid 
ind gas are the same. Above this temperature it is not possible to 
)btain the substance in the liquid state. 

The critical temperature (9^® C. or T^® K.) of a substance is thus 
ieiined as that temperature above which the substance cannot be liquefied, 
however great the pressure. 

The critical point is that point on the isothermal for the critical tempera- 
ture at which the substance passes from the gaseous to the liquid state. 

The critical pressure is the pressure at the critical point. 

The critical volume will in this book denote the volume occupied 
^ ^t mass at the critical temperature and the critical pressure. (The 
iame is also sometimes used for the same volume expressed as a 
faction of the volume occupied by the same mass under standard 
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Gases and vapours. We can now distinguish properly between thel 
terms “ vapour ’’ and “ gas ^ 

The term '' gas ’’ denotes a substance in the gaseous state at a tempera.^ 
ture above its critical temperature. 

The term “ vapour ” implies the possibility of liquefaction, whicli 
car only happen below the critical temperature, and a vapour is 
defined as a substance in the gaseous state at a temperature below its 
critical temperature. 

Considering again the carbon dioxide isothermal for a low item.! 
perature ; gaseous substance, or vapour, is present over the w^iolej 
of the region from AtoC (Fig. 75). From A to B the whole of the| 
material present is gaseous. There is a fixed mass of gaseous sub- 
stance present, and a fixed number of gaseous molecules. Hence 
Boyle’s Law, which applies to a fixed mass of gaseous substancel 
at constant temperature, is more or less obeyed. The vapour is sai 
to be an unsaturated vapour. 

From B to (7. the substance is a mixture of gas and vapour i 
equilibrium (p. 178). At B the substance is all vapour, and at C 
liquid, and all possible proportions between these limits occur. 
The mass of gaseous substance is not constant, so there is no question 
of Boyle’s Law or any other gas law being obeyed. The pressure 
is constant all the way from B to (7, and this is the greatest pressure 
at which the vapour can exist at that temperature. An infinitesimal 
change in pressure brings the substance from BC on to (7Z>, where all| 
is liquid, or on to the portion AB where all is unsaturated vapour. 

Hence, a saturated vapour at any temperature is a vapour in equi* 

librium with its liquid at that 
temperature. The pressure it 
exerts at this temperature is 
constant, and is the maximum 
pressure the vapour can exert 
at that temperature. This 
pressure is independent 
the volume, providing this 
not increased beyond tl 
point B (when the liq' 

^ would all evaporate), or 

Pia.76.-l8othennftl below critical ^ , 

temperature. the vapouT would condense) 
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)ecreasing the volume occupied by a saturated vapour clmnges the 
of gasexms substance present^ so once again it is emphasised 
[jat we cannot expect Boyle’s Law, or anything approaching it, to 
^ obeyed. 

The pressure of a saturated vapour at any temperature is called 
[}e maximum vapour pressure, or saturated vapour pressure of the 
abstance at that temperature. At all pressures in excess of this 
he substance is completely liquefied at that temperature, while at 
11 pressures below this the substance is completely gaseous at that 
emperature. 

Andrews believed that the whole of the process from A to D was 
ontinuous — ^that is, the difference in the molecular forces operating 
1 the liquid, saturated vapour, and unsaturated vapour was one of 
egret rather than of kind. Gas and liquid are only distant stages in 
long series of continuous physical changes. What is the importance 
f this idea of ‘ ‘ continuity of state ” ? Surely it suggests that all gases 
in be liquefied, if only the proper means to do this can be found. 
James Thomson’s Hypothesis. James Thomson suggested that 
he curves of Andrews might be represented by a family of cubic 
quations with different parameters, and that the parts AB and CD 
f the isothermals below the critical temperature were really part 
f a continuous curve typical of a cubic equation with three real roots, 
:oing below CB at C, above BC at B, and crossing BC (Fig. 76). 
I short portion of the part below C is actually realised in practice 
dth superheated liquid, and part above B by supersaturated vapour; 
lut the rest of the dotted part is not obtainable in practice. 

The idea that the whole family 
if isothermals for a real gas can 
)e represented by a family of 
amilar equations, or a single 
qmtion of state, in just the same 
ay as the isothermals for a P 
^rfect gas are all embraced in 
k equation of state p F = is 

'eiy' attractive. Many attempts 
• fceen made on theoretical 
^nds to modify the equation 
^ to fit the observed 
ults for a real gas. 



V 

Fig. 76, 
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Van der Waals’ Equation. To account for the difference betweei 
the compressibility of a real gas and that of an ideal gas, the obvioui 
method of attack is to allow for molecular attractions and for th( 
finite volume occupied by the molecules. 

Considering unit mass of gas, the equation of state for an ideal gai 
is pF ^BT, If the molecules attract one another, the pressure j 
observed at the walls of the container is less than the true pressun 
within the body of the gas, since a molecule within the g^s i 
attracted symmetrically from all sides (and so unaffected an\ 
resultant force), while a molecule impinging on a wall is retardeci^ h 
an attractive pull acting towards the body of the gas only. Thi 
effect of the attraction on any one individual molecule is assum^c 
to be proportional to the number of molecules per unit volume ot 
since we are considering a fixed number N of molecules in volume V 
to N IV. But (p. 150) the number of impacts thus affected in anj 
interval is also proportional to the density, that is, to N/V. Thi 
resulting pressure diminution is thus proportional to 

N N 

V^ V F® * 

This argument is not strictly accurate ; though the general jde? 
is sound, and we can say that the true pressure inside the gai 
exceeds the observed pressure at the walls by an amount proper 

tional to ^ , say ^ , where a is a constant for unit mass of ih 

particular gas under examination. Hence, instead of p we shoulc 

write in the equation of state the expression -f 

The space available for the rpolecules to move about is less thai 
the observed volume F, since it is diminished by the space actuall] 
filled by the volume of the molecules themselves ; and the voluni< 
should be written (F~6), where 6 is a constant for unit mass o 
the gas considered. Hence the equation of state for a real 
should be written _ 


(p^Y^{V~b) = ltT, 


where B is the “ gas constant and a and b are constants for uni 
mass of any one gas, but are different for different gases. Thi 
equation is known as Van der Waals* Equation. 
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The constant b is called the “ co-volume ” ; simple considerations 
mgjrest that b should be four times the actual volume of the 
nolecules. For, if we consider two molecules A and B colliding, the 
lentre of A cannot get nearer to the centre of B than a distance 
sqiial to its diameter away. We can imagine B to be surrounded 
)y a sphere of influence of radius equal to the diameter of 
he molecule, which is forbidden to the centre of A . The volume of 
his sphere is eight times the volume of a single molecule, or four times 
he volume of the pair of molecules involved in the collision. Taking 
til the molecules in pairs like this, it can be seen that the sum of the 
forbidden volumes ” is four times the volume of all the molecules, 
[he same result is given by Jeans in “ The Dynamical Theory of 
Jases ”, as the conclusion of a probability calculation ; other 
‘alculations have suggested that b should be 4^2 times the actual 
olume of the molecules instead of 4 times. 

Van der Waals’ equation is the simplest of the many attempts 
jhat have been made to derive an equation of state for real gases, 
,nd on the whole it fits the facts fairly well provided that conditions 
irc such that the deviations from Boyle’s Law are small. Partington 
ind Shilling, in “ The Specific Heats of Gases ”, pp. 29-34, list 
ifty-six different equations of state, some extremely complicated, 
tnd some closely accurate for particular gases over fairly narrow 
imits. The importance of Van der Waals’ equation lies in its general 
Implication as an approximate equation over wide ranges for a. wide 
mge of substances, rather than the accuracy with which it fits any 
larticular case. 

The isothermals obtained by using Van der Waals’ equation to 
(lot p against V do not agree closely in form with those obtained 
ixperimentally by Andrews, though they certainly give a better 
Approximation than do the isothermals of an ideal gas (which are a 
[amily of rectangular hyperbolas). In the neighbourhood of the 
critical point, just where the equation affords some extremely 
interesting results, it is certainly inaccurate. We shall, however, 
proceed for the present on the assumption that Van der Waals’ 
equation is closely obeyed. 

T>y critical constants. Consider the isothermal ACB (Fig. 77) 
or the critical temperature Going from A to the critical 
Joint C, the gradient of the curve, dpjdV, gets (numerically) 
ess and less until at C the tangent is horizontal, and dp/dF=0, 
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Fig. 77. — Critical -temperature 
isothermal. 


Proceeding from G to B, thi 
gradient steadily increases, sc 
that dpjdV has a turning valu( 
at (7, whence 

d fdp\ d^p ^ 

dV\dv)~^’ 

The tangent at C is horizontal, and 
the point C is a point of infl^ion 
Hence, using these two ^ate 
ments, whatever the equatioVi ol 
state may be, at the critical point 



and 


d^p 


= 0. 


Now, writing Van der Waals' equation in the form^ 

_ ET a 


we have 
and 


dp 

-RT 

2a 

dV~ 


^ » 

d?p 

2RT 

6a 

dY~ 

{V-bf 

pi- 


For the critical point, substituting in all these equations p - 
V = Fj, and T — T^, and putting ^ and equal to 0, 


Pc = 


RT, 


V.-i 


a 

Y?' 


rt: 


{Vc- 


2a 


= 0 ,. 


2RT, 

{Vc-b? 



giving three equations which should enable F*, and T, to 
calculated in terms of o, b, and R. 

From (2) and (3), 


2o RT, 6a 2RTg 
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jnce, dividing the left-hand side of the former by the left-hand 
I of the latter, and similarly the two right-hand sides, 

V F -6 

3-2 F ^- 36 . 


ubstituting for F^ in (2), 

rp ( Fc - 6)^ 2a X 46* 8a 

"~F? R ^2W:r" 
finally, substituting for both F^ and in (1), 
^ 8ajBa_4a 3a a 


lenoe 


Pe = 


276*’ 


Fe=36, 


77 ^ 8a 

^ 27Rb' 


fow, the values of a and 6 can be obtained by substituting 
ervations of p and F in the original equation, and the critical 
ssure, volume, and temperature can be observed independently, 
hat the validity of the calculation can be tested, 
f the equation is accurate, Fg/6 should be 3 for all gases ; actual 
aes vary between 2*80 for hydrogen and 1*41 for argon. 


dso the expression 


RT^ R.Sa 1 276* 
p,V, 27i?6 ’36* a 



observed 


RT 

ues of — ^ are all in the neighbourhood of 3’5. 

Pc ^ e 

hus Van der Waals’ equation is not closely obeyed by any gas 
tfe neighbcmrhood of its critical poivl. 

t may be mentioned here that any equation of state should 
ible the critical constants to be computed, since three equations 
«^able for the three unknowns jp^, F^., and should be obtained 

writing down the equations for j), ^ , and at the critical 

nt. 

brresponding States. The Reduced Equation of State. If the 
sure, volume, and temperature of a fixed mass of gas, denoted 
p, F, and T respectively, be divided by the critical values of these 
ntities, F^, and the resulting numbers are called the 
pressure p,., reduc^ volume F,., and reduced temperature 


bus 



Vr 


V T 

and = 
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Whence 


and 


1> =Pr JPc =l>r (’““g P- 
r = F,F. = F,.36, 

'P^'P 'p 71 


Substituting these values for p, F, and T in Van der Waal 
equation, 

(§^ 9F7p) ^ ’ 

which simplifies to 

(Pr+j^)(3F,-l)=8T,. 

This equation does not contain the constants a and b characteristi 
of a particular gas, and should be true for all gases. This is callei 
the reduced form of Van der Waals' equation. Different gases wit 
the same F^, and are said to be in corresponding states. Th 
reduced equation is only followed approximately — ^that is, as close! 
as Van der Waals’ equation itself is followed by a given gas. 

To obtain the reduced equation we have had to eliminate thw 
constants a, 6, and i?, by substituting values of p^, F^., and T 
This elimination is possible with any equation of state which involvi 
only two characteristic constants such as a and 6. The so-calle 
“ law of corresponding states which states that aU gases shoul 
follow the reduced equation, is thus not a consequence peculiar t 
Van der Waals’ equation. In recent years many authors have use 
the reduced quantities, and a reduced equation of state, in discussin 
properties common to all real gases and certain problems for whic 
this method of expression is nlost convenient. 

Other equations of state. Clausius, considering that the cbif 
defect in Van der Waals’ equation lay in assuming that the effec 
of molecular attractions is independent of the temi)erature, ga^ 

the equation ~6) =ri?Ti-where a\ C, and h a| 

constants characteristic of the gas. But this equation agrees litq 
better than does that if Van der Waals with the experimental facfl 

a j 

Dieterici’s equation, {V -b)—RT, which differs from tN 

of Van der Waals only in the first factor, agrees more closely H 
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{pmmenl, giving values of VJb approximately equal to 2, and of 
'TcIPc^c ill neighbourhood of the observed value 3*6. Aho, 

^ the expansion of e® is .2 + ... , it leads to Van der 

/aals’ equation as a first approximation, for 

pf^JiTV ^1 + » expanding and taking the first term only ; 

nd substituting the approximate value pV for RT in this, 

[le first factor of Van der Waals* equation. As Dieterici’s equation, 
ke Van der Waals’ equation, contains two characteristic constants, 
reduced equation of state can be found, and this is 

)ieterici’s equation agrees very closely with experiment for pressures 
p to about tw elve atmospheres, and fairly well far beyond this range. 
Empirical equations can, of course, be made to fit observations 
any degree of accuracy by introducing a sufiicient number 
arbitrary constants. Such equations are of value in particular 
[ivestigations. Berthelot, in 1907, when engaged on the problem 
f the correction of the gas thermometer, suggested the equation 

id also a second similar equation, purely empirical, which fitted 
observations made fairly closely. The above equation of 
Tthelot, like the equations of Van der Waals and Dieterici, gives 
ilues of the critical constants in terms of a, 6, and R, and also a 
uced equation of state. 

Kamerlingh Onnes resorted to the empirical form, or “ virial 
pansion ” discussed on p. 156, using equations involving a large 
mber of adjustable constants, in which the odd powers of 1/F orp 
er the first are omitted ; for example : 

is not proposed to work steadily through the fifty-six equations 
state listed by Partington and Shilling. The three most impor- 
it ones aro Van der Waals’ equation, which is a satisfactory second 
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approximation to the behaviour of an actual gas, and is used alnii 
universally in calculations for which the first approximation of 
ideal gas equation is not permissible ; Dieterici’s equation, of whi 
Van der Waals’ equation can be considered an approximate form; 
and Berthelot’s equation. These are compared below : 


Equation 

b 

a 

RTe 

PeVa' 

Van der Waals - 

VJ3 

9PcVc' 

8/3 = 2-67 

Dieterici - 

VJ2 


eV2 = 3-69 

Berthelot 

VJ3 

SPeVo^T, 

8/3 = 2 67 


All three equations predict a critical point, and a continue 
isothermal of the type suggested by James Thomson during 
•densation. All of them give a satisfactory representation of tie 
facts over quite considerable ranges, provided that the values i 
'U and 6 are determined experimerdally and not deduced from the^ critics 
'Constants. 

Much interest centres around the second virial coeflBcient JS,,, i 
a great deal of theoretical work has recently been done to compui 
its value using modern knowledge of atomic and molecular struct 
And the methods of quantum mechanics. It is interesting to i 
the values for which these three equations give when rearranp 
.and expanded. Van der Waals’ equation may be written, 

RT a 


/. pV = 


RTV a RT a 




7-6 7 


1 - 


7 


-whence and at the Boyle temperature 


I 

7" 
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Dieterici’s equation gives the same value for while Berthelot’s 
;qii 1 treated similarly gives B^=b- ^ and Tj = , 

Thus the first two equations predict that a graph of against l/T 
vill be a straight line, while Berthelot’s equation predicts that a 
raph of against IjT^ should be a straight line. For many 
iiibstances the graph of B^ against 1 /T is almost linear over a con- 
siderable temperature region, dropping below the straight line at 
ow temperatures, and at high temperatures reaching a maximum, 

[ finally dropping so that B^ approaches zero at very high 
eniperatures, as 1/T approaches zero. Thus none of the three 
[quatioiis predicts fully the way in which B^ varies with the 
ernperature. 

Recent work on equations of state. There are two chief reasons 
or wanting to find an expression for the equation of state of a real 
ta.s. The first is entirely practical, in order that calculations on the 
Impressibility of a given gas, and the calculations involved in the 
jiiefaotion of the gas or its use as a thermometric substance, may 
made as accurately as possible. For this purpose an empirical 
[nation suffices. The second is to derive information about 
olecular forces and molecular attractions, by probing with different 
sumjitions as to the nature of these forces until a set of assumptions 
ving a satisfactory theoretical equation is obtained. This second 
ason has led to a great body of recent work on equations of state.* 
tie of the most famous is that of Beattie and Bridgman (1927) : 

l.ere ,.yp, 

id /Ip, Bq, a, b, and c are conf 5 tants. 

A completely satisfactory theory of the equation of state requires 
I tile correct application of kinetic theory or statistical mechanics 
^d (h) a detailed knowledge of intermolecular forces. The investi- 
^tions of the era of Van der Waals were handicapped by the 
t'nce of any real data about intermolecular forces. Recent 
jrkors, following slightly different lines of approach, have been 

tho article “ Equations of State by J. A. Beattie and W. H. Stock- 
m vol. 7 of the Physical Society’s Reports on Progress in Physics (1940). 
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able to calculate an expression for the second virial coefficient 
and different methods appear to lead to the same result. It thus 
appears that a satisfactory equation of state, at least as far as thei 
first two terms of the virial expansion, has been devised. 


QUESTIONS ON CHAPTER IV 


1. State Boyle’s Law and give a diagram of a form of apparatus usedj 
to test the truth of the law. 

A Boyle’s Law tube had a piece of chalk floating on the mercpry in] 
the space containing the enclosed air. The pressure on this air waj 
varied and readings were taken as follows : 

Volume of enclosed space 

above the mercury in c,c. 11*5 10-7 10 0 9-5 8*8 

Pressure, in excess of 

atmospheric pressure, 

in cm. of mercury - 4-0 14*0 24-0 34 0 49 0 7! i 

Atmospheric pressure being taken as 76*0 cm. of mercury, tabulati 
the total pressure, P, and the value of 1 /P corresponding to each oi' tin 
above volumes, V, and plot a graph of 1/P against V. i>om this grapl 
determine the volume of the chalk above the mercury, indicating In 
you make your deduction. (J.M.K 

2. Describe an experiment in which Boyle’s Law is used to determiii 
the atmospheric pressure in the laboratory’. 

A column of air in a uniform tube, closed at one end, occupies 26 4 era, 
at atmospheric pressure. When subjected to the pressure of the watei 
supply the column of air occupies 20*4 cm. Calculate the pressure 
the water supply, the atmospheric pressure being 76-5 cm. of mercun’, 
(The density of mercury = 13-6 gm. per c.c.) 

How could you confirm the result with an open mercury manometer!, 

(J..M.KI 


3. Explain, with the aid of suitable diagrams, the construction an 
principle of action of a bicycle pump and a tyre valve. 

The bottom of a bicycle pump was closed and the pump was lowei 
into deep water. The pump handle moved in so that, at the deepOii 
point reached, the length of the enclosed air column was reduced 
} of its former value. To w’hat depth was the pump lowered into t, 
water? Assume that the barometric pressure was 29-7 in. of mercury, 
and that the specific gravity of mercury is 13*6. (J.M.l^' 

4. Describe a simple form of pi.ston pump !br reducing the pres^ui 
of the air in a closed vessel. If the volume of the pump cylinder is 
and that of the veasel and connecting tubes is V, what reduction 
pressure is theoretically obtainable after n complete strokes? Wi 
in practice, limits the vacuum obtainable? 

Give a brief account of some method of producing a good va(*unij|j 


JM. 
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QUESTIONS 

Describe, with diagrams, the construction and mode of action of 
iiinp that will reduce the pressure of the air in a vessel to 0*001 mm. 
ijfTCury. How are pressures of this order of magnitude measured? 

\ piston pump of effective volume 200 c.c. is used to exhaust a vessel 
volume 1 litre. How many complete strokes will be required to 
uoe the pressure of the air in the vessel to one-hundredth of its initial 
ue? (Neglect the volume of the connecting tubes, etc., and assume 
it the temperature remains constant.) (0. & C.) 

j. Explain the corrections which have to be made to the readings 
the Fortin barometer to obtain the absolute pressure of the atmo- 
K'ro. 

V little air has leaked into a barometer tube 100 cms. long. The 
n tiry stands at the 70 cms. mark when the tube is vertical, and at 
‘ 78 cms. mark when the tube is inclined at 30° to the vertical. What 
lie atmospheric pressure in mms. of mercury? (O.S.) 

1. Explain what is meant by a coefficient of expansion, 

L)(scribc an experiment to (hdeimine the coefficient of volume 
mansion of a fixed mass of air kept at constant pressure, 
flip density of argon is l-OO gm. per litre at 27° C. and at a pressure 
75 cm. of mercury. WTiat is the mass of argon in an argon-filled 
etne lamp bulb of volume 100 c.c. if the pressure inside is 75 cm. of 
r(*iiry when the average temperatui-e of the gas is 120° C. ? (J.M.B.) 

ITow does the deasity of a gas vary mth its pressure and tern- 
•ature ? 

Vilciilato the volume occupied at 27° C. and 720 mm. pressure by 
ini. of (liy oxygen ; the density of oxygen at n.t.p. being 1*36 gm. 

[• litr(‘. \\hat would be th(? volume if the oxygen were saturated 
ih watc'r vapour, assuming the saturation vapour pressure at 27° C. 
be 3u rnm. of mercury? (C.) 

3. If a gas rigorously obeys Boyle’s Law% and if temperature is 
‘iisui’cd by assuming that the gas obeys Charles’s Law, prove that 
* cocllicient of expansion of the gas at coastant pressure is equal to 
0()(!Hici(*nt of incT(‘ase of pressure at constant volume. 

Describe the coastant volume gas thermometer, and explain how it 
ly b(' applied to determine tlie steady temperature of an oil-bath, 
bat (lihicultii^s are encountered if an accui’ate value of this tempera- 
te is loqmred? (C.W.B.) 

10 . I)« 'scribe a constant volume gas thermometer. How would you 
libnite suc'h an instrument for asc over a range of about - 20° C. 
150 ('.? 

Ib(' hull) of a constant volume gas thermometer contains air and 
(hfu'nt alcohol to keep the air saturated. The pressure in the bulb 
b l08 nun. at 60° C. when the saturated vapour preasure of alcohol 
^t)0 nun. What will be the pressure in the bulb at 20° C. when 
t "-titurated vapour preasure of alcohol is 44 mm. ? (C.) 

IL Li'scribe a constant volume air thermometer. Describe in detail 
would use it to determine the boiling-point of a salt solution. 
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How would the result compare with that for pure water? llov 
would the boiling-point be affected if the solution were allowed to boi 
for some time ? 

A balloon is partially inflated to a volume of 6,000 cubic metres a 
ground level where the pressure is 76 cm. of mercury and the tempera 
ture 15° C. What will be its volume at a height where the pressuri 
is 62 cm. and the temperature 6° C., assuming that the fabric is noi 
stretched? (J.M.h. 

12. State the general laws connecting the pressure, volume, anc 
temperature of a gas, and explain how you would verify one of 

Two equal glass bulbs are joined by a narrow tube and the whole i 
initially filled with gas at n.t.p. and sealed. What will the prCs^surt 
of the gas become when one of the bulbs is immersed in boiling 
and the other in ice? (O. A: C. 

13. Explain the difference between the centigrade and the absoluu 
scales of temperature. 

It is found that the volume of a certain gas increases in the ratio 
of 1*035 : 1 between 15° C. and 25° C. Calculate the absolute zero on 
the centigrade scale for this gas. (O. & C.i 

14. How would you determine the value of the gas constant, i?? 

What errors would be involved in using air at atmospheric pressure in 
making the determination? Which gas would be the most suitable 
one to use for the experiment ? (C.S.l 

15. Explain how the coefficient of increase of pressure of air 
constant volume may be determined experimentally. 

A thin-walled vessel made of quartz, whose expansion is negligible, 
is sealed when it contains dry air at a pressure and temperature of 753 
cm. of mercury and - 22° C. respectively. Calculate the temperature 
to which the vessel can be safely heated, if the maximum internal 
pressure it can be depended upon to withstand without breaking: h 
114*0 cm. of mercury. (C.W.f 

16. State the law of thermal expansion of a gas, explaining under 
what conditions it holds, and how you would verify it. 

A vertical tube, a metre long, open at the top, is surrounded byi 
steam jacket. The lower end is connected to a differential pressure 
gauge. Calculate the pressure this will indicate, if the atmospheri 
pressure is 7 60 mm. of mercury, and the atmospheric temperature i 
15° C. (Density of air at n.t.p. = 0*00129 gm. per c.c.) (O. & C| 

17. State the laws connecting the pressure, volume, and temperature 
of gases. 

A barometer tube 90 cm. long contains some" air above the mercuryj 
The reading is 74*5 cm. when the true pressure is 76 cm. and the tein 
perature 15° C. If the reading is observed to be 75*8 cm. on a ’ 
when the temperature is 6° C., what is the true pressure? (O. & 

18. Draw pressure-volume diagrams and pressure -temperatu 
diagrams to illustrate how the behaviour of a gas differs from that of< 
satmated vapoiu. 
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\ bottle full of water is sealed and placed in a strong container full 
,f ;)ir at 15 ib. per square inch and 10° C. The temperature is raised 
0 iO0° C. (a) Calculate the pressure inside the container if the bottle 
,f w ater has remained sealed. (6) What happens if the water escapes 
hull the bottle and saturates the air? What will then be the pressure 
the container? (Normal atmospheric pressure should be taken 
1 h 7 ib. per square inch.) (0.) 

19. Explain very briefly what is meant by the absolute scale of 
emperature and describe an experiment by which the zero of absolute 
.'laperature may be determined. 

Tli(‘ height of the mercury column in a uniform barometer tube 
lontaiiiing some air is 54 cm. when the temperature is 22° C. When 
•h(' teinpt'rature is raised to 60° C. the height of the column is 52 cm. 
[f tlie distance of the top of the tube from the level in the cistern is 
1 09 cni. in each case and the atmospheric pressure is 76 cm. of mercury, 
ale ul ate the temperature of melting ice on the absolute scale. Neglect 
jin y effects due to the change in temperature of the mercury. ( J.M.B. ) 

20 . Discuss the departures from Boyle’s and Charles’s law in the 
of the so-called permanent gases ; how are these departures 

xplained by the kinetic theory of gases? (C.S.) 

21 . Discuss the relation pv-RT for a gas, and describe experiments 
verify it. To what causes may the departures found be attributed? 

(C.S.) 

22 . State exactly the meaning of the equation pv=RT and give the 

idence for supposing that R is the same for all gases. Give an account 
an eciuation which represents more accurately the equation of stato 
a gas. (C.S.) 

23 . What essential conditioas must be fulfilled by an absolute scab 
temperature? Outline the steps by which a practical thermometer 
a be calibrated in terms of the Kelvin Thermodynamic scale. (O.S.) 

24. Explain what is meant by a difference in temperature of one 
gree C. as shown by (a) a constant-volume hydrogen thermometer, 

I a mercury in glass thermometer. Why do observations of the 
aio temperature made with these two thermometers differ at different 
its of the scale? Explain carefully why temperature measurement 
tlie gas thermometer is regarded as the more fundamental. 

Two vessels each of volume 100 c.c., one being at 27° C. and the 
li< r at 227° C., contain different mixtures of carbon dioxide and 
drog(>n at atmo.ipheric pressure. The contents of the two vessels 
" fillowed to mix through a short connecting tube while the tempora- 
ry' throughout becomes uniform at 27° C. The final proportion by 
lume of carbon dioxide in the mixture in both vessels is found to be 
' por cent. If the initial proportion by volume of carbon dioxide in 
‘ vessel at 27° C. was 53 per cent., what was the initial proportion by 
yliiiiie of carbon dioxide in the hotter vessel? Any change in volume 
containing vessel can be neglected. Assume that the gases 
*have as ideal gases. (J.M.B.) 
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26. Give an account of the kinetic theory of matter, indicating o\ 
broad lines how this theory explains (a) surface tension, (6) the laws o 
partial pressures of vapours, (c) the absolute zero. ^C.S. 

26. How is Boyle’s law for gases explained on the kinetic theory 

Calculate the mean square molecular velocity of hydrogen at 0^ c 
(1 gm. of hydrogen at 0° C. and 760 mm. pressure occupies a vohimi 
of 11-2 litres.) (C.8. 

27. Show how the kinetic theory can be used to give informatior 

about the velocity of the molecules of a gas if the density and pressuri 
are known. Explain what average velocity is thus obtained. How is 
the kinetic energy of translation of the molecules, per c.c. of din^rem 
gases, related to the pressure? ' 

The temperature of (a) argon and (6) nitrogen is raised from (' 
to 1® C. at constant volume. Using the following data, find in eacF 
case what proportion of the total heat energy given to the gas for tliij 
purpose takes the form of energy of translation of the molecules 
Comment on your results and indicate their physical significance. 

Density of argon at 0® C. and a pressure of 10* dynes per sq. cm 
= 1-77 gm. per litre. 

Density of nitrogen at 0® C. and a pressure 10* dynes per sq. cm. 
= 1 24 gm. per litre. 

Specific heat of argon at constant volume = 0*074 cal. per gm. per 
degree C. 

Specific heat of nitrogen at constant volume = 0*175 cal. per gm. pci 
degree C. ■ 

Joule’s equivalent = 4*2 x 10’ ergs per calorie. (J.M.B.) 

28. How is it possible to account for Boyle’s law by means of the 

kinetic theory of gases ? . 

Draw curves to show how the behaviour of real gases, e.g. hydrogen, 
nitrogen, carbon dioxide, differs from that indicated by Boyle’s law, 
and show how such deviations may be explained by the kinetic theory. 

(J.M.B.) 

29. Distinguish between the “ average velocity ” and the “ root 
mean square velocity ” of the molecules of a gas. 

From considerations of kinetic theory obtain an expression for the 
pressure of a gas in terms of the root mean square velocity of the 
molecules. 

Determine the root mean square velocity of hydrogen molecules at 
N.p.T. (Density of hydrogen at n.t.p. is 0*09 gm. per litre ; density of 
mercury is 13*6 gm. per c.c. ; g may be taken as 981 cm./sec.) (C.| 

30. Find the root mean square velocity of the oxygen molecules in 

the atmosphere at 0® C., the density of oxygen at standard temperature 
and pressure being 1*43 x 10”* gm./cx. (C.S., part questM 

31. Discuss the assumptions which form the basis of the simpf® 
kmetic theory of gases and explain under what circumstances the 
simple laws require modification. 

Calculate the root mean square velocity of molecules of a gas 
which the specific heat at constant pressure is 6*84 cal. per gm. 
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Jog. C. , the velocity of ^ 


V X 

n uis constant i? = 8-31 x lO” ato^q i 

32. Without deriving any formulae use't^e ^ ^ (J-M.B.) 

> ^‘xplain (a) how a gas exerts a pressure (b) whv^th a 
^ ras rises when the gas is compressed (c) whit temperature of 

^,|uid » introducii ‘ ’"“‘“y 

ilrneTbytteSc ™» •»<> 

Scm.o7morau^prS.w™^ 0°C. 

.. 0- c. »d to- -iz. 


(J.M.B.) 



CHAPTER V 


VAPOURS AND VAPOUR PRESSURE 

In Chapter IV a vapour was defined as a substance in the gaseoui 
state below its critical temperature, and a distinction was-nia 
between saturated and unsaturated vapours. Saturated vapou 
will now' be considered in greater detail. 

Saturated vapours. Evaporation is the passage of a substance 
from the liquid to the gaseous state, taking place at the surface? ( 
the liquid. The rate at which evaporation takes place depends i 
the area of surface, the temperature, and several other factors to 
be discussed later. 

Consider first the evaporation of a liquid into a closed space] 
initially evacuated. The energy of the faster-moving of tk 
molecules near the surface of the liquid will enable them to ge| 
beyond the attraction of the neighbouring molecules, and they ^ 
pass out into the surrounding space. As more and more molecule 
enter the space, the pressure they exert by their collisions with tk 
walls of the enclosure increases. But the molecules moving in tk 
space above the liquid collide with the liquid surface as w^ell as witl 
the walls of the enclosure and with one another, and those striking 
the liquid surface may be supposed to return to the liquid. As tk 
number of molecules in the space increases, so does the numb 
returning to the liquid per second. Eventually a state of aflai 
will be reached at which as many molecules return to the surface j 
second as leave it per second ; w hen this happens, the number o 
molecules present in the vapour state remains steady, and 
pressure of the vapour has reached a ma xim um steady value, 
space is said to be saturated with vapour^ and the vapour itself « 
called a saturated vapour, ~ 

Evaporation has not ceased w'hen saturation occurs ; it continue 
all the while, but is balanced by condensation taking place i 
exactly the same rate. A state of affairs such as this, in which i 
change is apparent because two continually opposing tendencies ^ 
(grating at exactly the same rate, is called dynamic equilib 
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3 ^]^ a saturated vapour at any temperature is a vapour which is in 
aamic equilibrium with its liquid at that temperature. 

^jnce the pressure exerted by a gaseous substance is proportional 
the number of molecules per unit volume, it is clear that the 
•essiire of the saturated vapour at any temperature must be the 
eatest pressure that the vapour can exert at that temperature, 
id(^r the conditions considered. 

l^he effect of altering the volume, the external pressure, or the 
mperature of a saturated vapour can be forecast by continuing 
le foregoing ideas. The fundamental action is the rate of evaporation 
m the surface, for this precedes the return of the molecules which 
tablishes equilibrium. Increasing the temperature of the space 
Lcreases the average kinetic energy of the liquid molecules, increases 
le rate of evaporation, and so increases the pressure of the saturated 
^q)Our. The rate of evaporation from the liquid surface is un- 
(lected by either increasing or decreasing the volume of the 
iclosure containing the vapour, and so the pressure of the saturated 
ipour is independent of the volume. If the pressure of the vapour 
the chamber could be kept at a value very slightly above the 
iturated vapour pressure, more molecules would return to the 
quid per second than leave it per second, and the whole of the 
^pour would condense ; if the pressure of the vapour in the space 
maintained at a value very slightly below the saturated vapour 
ssure, fewer molecules return to the liquid per second than leave 
per second and the whole evaporates. 

To sum up : The pressure exerted by a saturated vapour at any 
smperature is the greatest pressure that the vapour can normally 
tert at that temperature. This pressure is called the saturated 
ipour pressure (s.v.p.), maximum vapour pressure, or often simply the 
our pressure of the liquid at that temperature. The value of the 

t turated vapour pressure depends ordy on the temperature, and 
creases with rise in temperature. It is not affected by changes 
volume, provided these are not so extreme as to cause all the 
ppour to condense or all the liquid to evaporate. This pressure is 
be only pressure at which liquid and vapour can exist together in 
p^iilibrium for that particular temperature ; for all greater pres- 
jires, the whole of the substance is in the liquid state, while for all 
Qall(T pressures the whole of the substance is in the gaseous state 
* unsaturated vapour. 
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Dalton’s Law of Partial Pressures. Throughout this argument 
it has been supposed that the enclosure into which evaporatio 
occurs is a vacuum to begin with. But it is found expenmentall^ 
that the presence of air or any other gas which does not react m itj 
the vapour in any way makes no appreciable difference to thi 
final state of affairs as between liquid and vapour, though it retar 
the rate at which the final state is reached. If the closed sf 
contained air, it might be spoken of as “ air saturated with vappur ' 
meaning a mixture of air and saturated vapour. 

For example, at 20° C. the s.A\r. of water is 17*5 mm. merdiiiv] 
when equilibrium is reached at 20° C. between water and wati 
vapour in a space which contains no other material, the pressure in] 
the space is 17*5 mm. mercury. But if the space, previous to th 
introduction of the water, contained air at a pressure of 760 nin 
mercury, the pressure exerted by the saturated vapour w’ould sti| 
be 17*5 mm. mercury, and the total pressure 760 + 17*5 = 777*5 mu 
mercury. 

This is one of the most important applications of Dalton’s La\f| 
of Partial Pressures (p. 155 , w hich states that the pressure ofai 
mixture of gaseous substances which 0 not interact in any W’ayi| 
equal to the sum of their partial (that is, individual) pressun 
The law, like most other simple generalisations about gases, is oiiljj 
approximately true, but is a satisfactory w orking rule. 

Evaporation and boiling. Both evaporation and boiling are thi 
change of state fkx)m liquid to vapour, and both require that latent 
heat should be supplied. Evaporation is invisible, takes place frod 
the surface only, takes place at all temperatures, and can be accelerj 
ated by raising the temperature, by increasing the surface area, andj 
by promoting the removal of saturated vapour from the neighboiirj 
hood of the surface, by pumping it off or driving it away by 3 
draught of air. 

Boiling is visible, takes place in the body of the liquid from i 
points at wEich heat is supplied, takes place at one fixed temperatu 
only for a given pressure (this temperature iff'called the boiling ] 
and is accelerated only by increasing the rate at which heat i| 
supplied. The bubbles which form in the boiling liquid and risel 
the top are, of course, bubbles of saturated vapour, and as thes 
do not collapse the pressure inside them (which is the s.v.P. of ^ 
liquid at that temperature) must equal the external press 
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the saturated vapour pressure at the boiling point equals the 
erual pressure on the liquid; or, a liquid boils at the temperature 
wLich the saturated vapour pressure is exactly equal to the external 
sure. 

In a vessel heated at the bottom, the pressure at the point where 
bubbles of vapour originate exceeds the atmospheric pressure 
r the applied surface pressure) by the pressure due to the head of 
juid in the vessel. Thus when a liquid is boiling steadily, the 
mpcrature at the bottom of the vessel may be a little in excess of 
le true boiling point. When water is heated in a beaker, the earliest 
sible sign of bubbling occurs well below the boiling-point ; trains 
small bubbles of dissolved air rise to the surface. Next, the 
singing ” which precedes boiling is due to the collapse in the upper 
irt of the liquid of bubbles of vapour, probably formed round air 
ibbles as nuclei, which were self-supporting when they originated 
the slightly hotter liquid in the neighbourhood of the source of 
at. Nuclei of some sort appear to be necessary for the continuous 
eady boiling of a liquid at its true boiling point under a given 
essure ; without them, “ bumping ” or delayed boiling occurs, 
his is due to local superheating at the base of the liquid ; bubbles 
'vapour do not form until the temperature of the base is w^ell above 
le true boiling point, so that when they are at length formed, the 
issure in the bubbles is considerably greater than the outside 
essure, and the bubbles rise with miniature explosions. 


MEASUREMENT OF SATURATED VAPOUR PRESSURE 

There are three general methods for the absolute measurement 
^ saturated vapour pressures over a range of temperatures. 

1. The statical method ^ in which the depression of a barometer 
)lumn by saturated vapour in the Torricellian ” space is observed 

ectly. This method is satisfactory for vapour pressures of 
tween about 2 cm. and 40 cm, of mercury. 

2. The dymmical method^ which depends on the fact that a Hquid 
pils at the temperature at which its saturated vapour pressure is 
l^al to the outside pressure. This is applicable over a very wide 

of pressures. 

p- The evapmUion method, in which the rate of loss of the material 
free evaporation is observed, and the vapour pressure calculated 



182 


A TEXT-BOOK OF HEAT 


from this by means of the kinetic theory. This has been use 
chiefly for such substances as metals at high temperatures. 

Statical method. A barometer tube A (Fig. 78) is surrounded l 
a water jacket B provided with a heater C, stirrer Z), and therni( 
meter. A little of the liquid under investigation is introduced 
the mercury column by means of a special small pipette, suffice; 

to form a thin layer over the sui 
face of the mercury. The heatin 
bath is well stirred and thH ten 
perature taken ; the height <^f tli 
mercury column h is meashr 
This is subtracted from the heig 
H of a good barometer recordin 
the atmospheric pressure, and tli 
difference H - h measures the 
pression of the mercury column du 
to the pressure of the saturati 
vapour. It would, of course, 
better to have the good baroniet€ 
also inside B, and measure 11- 
directly. 

There are many sources of en 
in this simple experiment. It i 
difficult to measure the height i 
the mercury column accurateli 
through the water jacket, 
mercury inside the jacket is heatec 
and its density is less than that c 
cold mercury. Allowance shoul 
be made for the pressure of the layer of liquid over the mercun 
and also for the effect this liquid exerts on the surface tensi 
of the mercury. Also, the whole column must be at a unifoi 
temperature. It is not sufficient to take the temperatures 
different levels and take the average in-the hope of correcti 
for non-uniformity thereby. The reason is, that if the 
perature of the vapour column is not exactly uniform, 
pressure inside the tube is the s.v.p. for the coldest part 
the tube, since condensation will occur there from the ho 
portions. 


N 



Fig. 78. — Statical method of meas- 
uring saturated vapour pressure. 
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1 3 iost of these sources of error in the statical method were con- 
(]e]ed and corrected for in Regnault’s careful experiments. The 
pparatus is really unsuitable for the measurement of very small 
apour pressures, and for pressures much greater than 30 or 40 cm. 
f nu rcury. In one case, the pressure to be measured is going to be 
ptlie same order as the corrections to be applied, and in the other 
[lerc is the difficulty of keeping a long column satisfactorily at a 
piform temperature. 

[ Dynamical method. As a liquid boils when its saturated vapour 
issiire equals the external pressure, the external pressure at the 
filing point must equal the saturated vapour pressure at the boiling 
pint. Hence, observations of the temperatures at which boiling 
curs under different pressures give corresponding readings of 
^mporature and saturated vapour pressure. Suitable simple 
pparatus is shown in Fig. 79. The liquid boils in the flask A, which 
fitted with a thermometer in the vapour. The reflux condenser B 
)ndenses the vapour and returns it to the flask. The difference 
Btween the levels X and ¥ of the mercury manometer, subtracted 
ora the atmospheric pressure if X is above F, and added to the 
raiospheric pressure if F is above Z, gives the pressure throughout 
le apparatus. The total volume of the apparatus is increased by 
le flask C, so that gradual and controlled changes in pressure can 



Pio. 79.—Dynamical method of measuring saturated vapour pressure. 
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be produced. The screw clip D separates the apparatus from 
pump, which may be a water filter pump for pressures between ah 
2 cm. and 76 cm. of mercury, or a football pump for pressures abo^ 
atmospheric. 

It is sometimes difficult to grasp exactly how the apparati 
works. The flask is filled above the liquid with the saturated vapom 
the pressure of which is required, but what happens when most o 
the vapour is condensed in the condenser? The condenser it 
contains vapour and air, and the space beyond the condenser is i 
of air saturated with vapour at the temperature of the surrouiii^ii] 
but as all parts of the apparatus are in communication they must b 
at the same pressure as the inside of the flask. The pressure of t 
air recorded on the manometer is thus the pressure of tue saturate 
vapour in the flask. This point has been stressed, because there i| 
a tendency to think that the vapour condenses leaving a parti 
vacuum as happens in some elementary experiments of a differed 
type, and to forget that the colder portion of the apparatus cont 
air. 


In the course of an experiment, the barometer is first read, 
pressure in the flask is adjusted to a suitable value, and the cm 
closed. The steady temperature is read from the thermometer, i 
both the levels of the manometer are read. A series of readings ij 
taken in this way. 

The experiment, was originally performed by Regnault, who i 
a stout metal boiler with four thermometers, two in the vap 



Fig. 80. — ^Vapour pressure apparatus 
Kamsay and Young. 


and two in the liquid, 
thermometers were protecte 
by metal tubulures contain 
mercury, so that the change ij 
pressure on their bulbs 
prevented, and there was 
“ external pressure error 
The method was modified b 
Ramsay and Young, who i 
rounded a thermometer bul 
with ertton wool soaked 
the liquid under test. Act 
ebullition was thus avoid 
but the steady thermo; 
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i dling gave the temperature at which liquid and vapour were 
e quilibrium under the observed pressure. Fig. 80 shows the 
ejxratus used. 

Evaporation method. Kinetic theory calculations of a type too 
Ivanced to give here enable the number of molecules striking and 
a ving imit area of a surface per second in the equihbrium state to be 
Jculated for any temperature. This must equal the number of 
lolecules leaving unit area per second whether equilibrium is Reserved 
^ not at that same temperature, and so gives the number of molecules 
Pthe substance which are removed permanently from unit area per 
jcond if the evaporation takes place into a high vacuum. The 
)rmula for the mass lost per square centimetre per second is 

here m is the mass evaporated, p is the saturated vapour pressure, 

’ is the absolute temperature, E the gas constant, and a a constant 
iC material. The experiment thus consists of exposing the 
ibstance in a vessel of known surface area, in a highly evacuated 
nclosure maintained at the desired temperature, and weighing at 
le beginning and end of a measured interval of time. 

Results. The vapour pressure curve for water. Fig. 81 shows 
ow the S.V.P. of water varies with the temperature. At 0® C., 
be S.V.P. is not zero, being about 4*7 mm. of mercury. As tho 
?mperature increases, the curve rises, gradually at first and then 
lore steeply. At 100® C., the pressure is 760 mm. mercury. Tho 
urve continues to rise and become steeper until the critical tempera- 
ure is reached. Above this temperature there can, of course, be 
lO such thing as saturated water vapour. 

The vapour pressure curves of all other pure liquids are of the same 
leneral shape. Several empirical formulae for the vapour pressure 
xve have been suggested, but no theoretical equation seems to 
ave been established. The Clausius-Clapeyron equation 

dp LJ 
dT" 

\ 

l^fiere dp is the small change in vapour pressure corresponding to a 
change dT in the absolute temperature T, i is the latent heat 
f evaporation, and and ^2 the volumes of unit mass of liquid and 
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50 76 


Pressure, cm. of mercury 

Fig. 82. — Boiling point and 
pressure graph for water. 


of vapour respectively, enables dp to be calculated if dT and the other 
quantities are provided. But as L, and Vg are all functions of 
the temperature, it is obviously impossible to obtain the equation, 
for the curve from this equation as it stands. 

Variation of boiling point with pressure. As a 
set of values of temperature and s.v.p. are also a 
I set of values of boiling point and ej^temal pressure, 

I the graph of boiling point against pressure is as 

shown in Fig. 82. This is, of course, simply Fig. 81 
replotted with the axes interchanged. 

Simple tube experiment. Consider a wide capillary 
tube (Fig. 83) sealed at one end, containing a fixed 
I 4 1 mass of air imprisoned by a threstd of water. 
^ This is attached to a scale, and heated in a water 

bath to different known temperatures. If the 
^ length of the air column is measured at different 

► F temperatures between about 20® C. and 70® C., and 

if the value of the s.v.p. of^ater at one of these 
temperatures is known, the values of the S.V.P. 
the other temperatures can be calculated. 

I Let A be the pressure of the atmosphere. ^ 

Pio.^Si^imple neglect the pressure of the small column of 
tube experiment, water, this is also the pr^spure of the encloseJ 
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ixiure of air and saturated water vapour. At any tempera- 
lY r® absolute, let p be the pressure of the air, S the s.v.p. of 
it.T, and V the volume of the mixture, which may conveniently 
. measured in centimetres length of tube. 

Dalton’s Law of partial pressures, 

A=^p + S. 

Now, the air in the tube obeys the gas laws, so we can imagine this 
)lated and calculate its behaviour ; while no calculations can be 
me with the saturated vapour. 

(Considering the air pressure alone. 


ow, for the fixed mass of air in the tube, pV ! I' ^ constant. 


T 


= constant. 


At temperature absolute, let be the observed volume and 

1 the known s.v.p. 

At temperature absolute, let Tg observed volume and 

2 the unknown sat’xrated vapour pressure. 


Then 

rhence 


T, T, ’ 

*2 A I 


[ The “ Wet Flask ” experiment. The object of this exercise is to 
nd the value of the saturated vapour pressure of water at a tempera- 
ire in the neighbourhood of 60"^ C., its value at air temperature 
?iiig supplied. The operations are almost the same as those of the 
ry tlask experiment (p. 132) except that at the beginning of the 
speriment the inside of the flask is wet, and the heating of the flask 
ily goes up to about 60° C. 

Ihe empty wet flask, wdth fittings, is weighed, and heated up to 
out (K)® C. (no higher) with the clip open. The clip is then closed, 
flask removed and the clip opened under cold water at the 
|Uiperature of the air, which is known. The high temperature wiH 
" called Tg® abs., and the air temperature abs. After levelling, 
clip is closed, the outwde of the flask dried, tod the flask weighed. 
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Finally, the whole flask is filled with water and weighed. Th 
barometer is read, and tables are used to give the s.v.p. of water a 
air temperature, 

From the first and third weighings the weight of water filling th 
whole flask is found, while from the second and third weighings th 
weight of water to fill up the space occupied by the cold air i 
given. Assuming the density of water to be unity, we have th 
volume Fg occupied by a fixed mass of air saturated with >>’ate 
vapour at the high temperature Tg — ^this is the total volume th 
flask — and also the volume occupied by the same mass ai 
saturated with water vapour at 

Let Si be the known s.v.p. at the low temperature, S 2 th 
unknown s.v.p. at the high temperature, and A the pressure of th( 
atmosphere. 

Then, as on p. l87, the pressure of the air at the low temperatun 
is (A - Si), and at the high temperature (.4 -S 2 ). Hence, using the 
relation 

^constant for the air, 


whence 


{A-Si)Vi (A-gg)Fg . 

Ti ^ T2 ^ 

8^^ A -{A 


Determination of vapour density. The term vapour density as 
used in Chemistry usually refers to the ratio 


density of vapour under given conditions of temp, and pressure 1 
density of hydrogen under same conditions of temp, and pressure 

The determination of the absolute density in gm./c.c. is first made, 
and from this the density relative to hydrogen is calculated. 

Several methods are available. Dumas’ method is to weigh a 
large bulb of thin glass (Fig. 84) the volume of which is known, insert 
a quantity of the substance in the liquid state, heat the bulb in a 
bath at a known steady temperature above the normal boiling point 
of the liquid until all the liquid has evaporated and the bulb is 
with vapour, and seal the tip of the bulb, which is then removed ant 
weighed when cool. The mass of vapour occupying a known 
volume at known temperature and pressure is thus found ; 
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g density under these conditions is 
depilated and can be compared with 
le density of hydrogen at the same tem- 
eri'liire and pressure. 

Ill Victor Meyer’s apparatus (Fig. 85), a 
ei^diod quantity of the liquid in a small 
oppered bottle is held at the top of a long Fio. 84. — ^Dumas’ method 
Lib(\ the bulb B at the lowei* end of vapour density, 

diich is maintained at a steady known temperature by means 
a liquid of suitable boiling point. The apparatus is firmly 
3alc(l, and the small bottle A is then dropped into the lower 
ulb. The liquid vaporises, and air (less dense than the vapour) is 
isplaced and collected over water or mercury at D, the temperature 
lid pressure of the collected air being observed. From this, the mass 
[ air which is displaced by the vapour is calculated, and the density 
the vapour relative to air is simply mass of liquid taken jmass of 
:ir displaced. This must be so, since if the lower bulb is at, say, 
20° and the contents of the bottle on volatilising occupy 
C.C., 7 c.c. of air at 120® C. is displaced from the lower bulb 
fhough it fills a much smaller volume in the collecting vessel). 

The mass of liquid taken vaporises to 
occupy 7 c.c. at 120® C., and the mass of 
air collected occupies the same volume 
at the same temperature ; thus the ratio 
of the two masses gives the ratio of the 
densities. 

1’he density relative to hydrogen is 
easily worked out from the density relative 
to air. Alternatively, the volume of air 
collected can be imagined to be hydrogen 
for the purpose of the calculation. 

The value of the vapour density is 
required so that the molecular weight of 
the substance can be calculated, using 
Avogadro's Hypothesis, which states 
that equal volumes of all gases under 
the same conditions of temperature 

h~if5.~victor Meyer’s pressure contain equal numbers of 

*“*hocl for vapour deiwity. molecules. Hydrogen is known to be 





190 


A TEXT-BOOK OF HEAT 


diatomic. If the number of molecules in 1 c.c. be w, then vajx 
density 

mass of 1 c.c. substance 
”” mass of 1 c.c. hydrogen 

mass of n molecules of substance 
”” mass of n molecules of hydrogen 

^ mass of 1 molecule of substajice 

mass of 2 atoms of hydrogen I 

_ J mass of 1 molecule of substance ; \ 

mass of 1 atom of hydrogen 

= J molecular weight of substance. 

Or, molecular weight = 2 x vajpour density. 


Avogadro’s hypothesis should apply strictly for an ideal 
only ; for actual gases it holds best as low densities are attainet 
It is therefore best to measure the vapour density at as low a densit 
as possible, certainly as far as possible from saturation. 

Density of a saturated vapour. The density of a saturated vapou^ 
must be determined directly. J^ince the gas laws do not hold do 
up to the point of saturation, the density cannot be calculated fr( 
observations of the vapour density in the unsaturated conditioi 
The density of a saturated vapour was determined by Fairbairn { 
Tate by the following method. 

A weighed amount of liquid was introduced into the bulb A ( 
known volume (Fig. 86), and this was surrounded by a tube j 
containing a much larger quantity of the same liquid. The op 



end of A is immersed in mercury wt 
fills the lower end of B. The level of i 
mercury in A is very slightly above thatii 
J?, on account of the extra liquid in B. 
whole is immersed in a bath and heat-( 
the mercury levels being observed carefulljj 
As long as the space A is saturated wit 
vapour, the pressures in A and B are 
same, and the mercury levels remain steadj 
As soon as the whole of the liquid in A to 
evaporated, and the space begins to be ui 
saturated, the mercury rises in A, since ^ 
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^iire of the stiU saturated space B increases more rapidly with 
[le K'mperature than the pressure of the now unsaturated vapour 
, The temperature at which the mercury levels begin to alter 
noted ; the mass of liquid originally in A just fills it and just 
atiirates it at this temperature, so the density of the saturated 
'ap(;ur at this temperature is known. 

Collection of a gas over water. When a gas is collected over water, 
he pressure of the gas itself is less than the observed external 
ensure by the pressure of the saturated water vapour with which it 
I necessarily mixed. The following example shows the method of 
prrection. 


Example. 197 c.c. of hydrogen are collected over water at 20° C. 
^id 750 mm. pressure. Find the volume occupied by the hydrogen 
t N.T.p. The s.v.p. of water at 20° C. = 17 -5 mm. 

I Using Dalton’s Law of partial pressures, 

pressure of hydrogen - 756 - 17-5 = 738*5 mm. 


, , 273 738*5 , 

volume at n.t.p. = 197 x — x 178'4 c.c. 


If the water vapour pressure is not allowed for, the figure obtained 
182*6 c.c., an error of about 2 per cent being involved. In very 
jmentary work in Chemistry the water- vapour correction is often 
glected on account of its difficulty, yet great care is taken to 
isiire that the water levels inside and outside the measuring tube 
the same. As it w'ould require a difference in levels of nearly 
cm. of water to cause an error as great as that made in neglecting 
e vapour pressure in this case, this precaution seems rather 
ivial if the water vapour pressure is not considered. But as the 
>lumn of water standing in a eudiometer or other vessel reduces 
ic pressure of the enclosed gas below' the outside pressure, and thus 
tases a further error in the same direction as the vapour pressure, 
'^oiling is at least a step in the right direction. 

Mass of a mixture of air and saturated water vapour. 

Example. Find the mass of a litre of air at 750 mm. pressure and 
’ C., saturated with water vapour, given that the density of water 
is 0*625 that of air under the same conditions, and that the 
of air at N.T.P. is 1*29 gm. per litre. The s.v.p. of water at 
^ 17*5 mm. mercury. 

lirst step is to apply Dalton’s Law of partial pressures. 
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The mixture comprises 

(1) 1 litre of air at 20° C. and 760- 17*6 = 732*6 mm. pressure, 

(2) 1 litre of water vapour at 20° C. and 17*6 mm. pressure. 

Now the mass of (1) could be found by reducing the volume to 

and multiplying by the given density. But (although it would 
the right answer) we caimot apply this treatment to (2), for the vei 
good physical reason that, however the arithmetic may work out 
hide such a mistake, we cannot possibly have water vapour at N.x.?j 
(At 0° C. the s.v.p. is 4-7 mm., and water vapour can only exist at Normal 
Temperature at this or a lower pressure ; at Normal Pressure! 
vapK>ur can only exist at temperatures of 100° C. or higher. )\lti 
therefore more sensible to avoid this reduction of tho volume to Kt.pJ 
and instead to work the other way round, reducing the density of a 
(with which we can take any liberties) to that at the given condition! 

The density of air at 20° C. and 732*5 mm. is 
, 732*5 273 

= 1*158 gm. per litre. 

The density of air at 20° C. and 17*6 mm. pressure is 
17*5 273 

= 0*0277 gm. per litre. 

The density of water vapour at 17*5 mm. and 20° C. is 
0*0277 X 0*625 = 0*017 gm. per litre. 

Hence the mass of one litre of the mixture is 
1*158 +0*017 = 1*175 gm. 

Steam distillation. This is an application of Dalton’s Law 
partial pressures. Nitrobenzene, aniline, and many organic liquii 
which do not mix with water can be distilled at temperatures ve 
much below their normal boiling points by passing a current 
steam from a generator through the mixture (maintained at ab 
100® C.) from which it is required to distil the liquid. 

The vapour pressure of nitrobenzene at 99® C. is about 27 mm. 
mercury, while that of water at the same temperature is 733 mu 
the total pressure of a mixture of the saturated vapours of the tv 
liquids at 99® C. being, by Dalton’s Law, 733 +27 =760 mm. He 
imder an external pressure of 760 mm., a mixture of nitroben 
and water should boil at 99® C. So far as the evaporation of ^ 
nitrobenzene is concerned, this is simply equivalent to distillii^^' 



STEAM DISTILLATION 193 

a partial vacuum at a pressure of 27 mm.— the pressure of the 
ga:' as it were “ neutralises ” 733 mm. of the external pressure. 

^ .:tfuilar principle is used in the Electrolux refrigerator described 
I 208 ; in this, the part of the steam is played by hydrogen.) 
at the composition of the distillate is the important thing here, 
a the simple kinetic theory assumption that pressure is proportional 
, the number of molecules per unit volume, for any volume of the 
tpour distilling over 

^ 0 . of nitrobenzene molecules pressure of nitrobenzene 27 
no. of water nolecules pressure of water vapour 733 * 

I this is the molecular composition of the distillate — 27 molecules 
very 760, or about one molecule in 28, are nitrobenzene mole- 
s, But the molecular weight of water is 18, and that of nitro- 
sene is 123. The masses distilling over are thus in the ratio 

mass of nitrobenzene : mass of water =^21 x 123 : 18 x 733, 

learly 1:4. So one part in five by weight of the distillate is 
obenzene. It can be seen that the chief reason for the effective- 
i of the method is the low molecular weight of water, 
apour pressure of a solution. The vapour pressure of a solution 
[ways less than that of the pure solvent. The relation is easily 
ked out for a dilute solution of a non-volatile substance by 
dng certain simple assumptions, and can be deduced properly 
thermodynamics, 

Ivaporation from the surface of the liquid takes place as mole- 
js of sufficient energy reach the surface from below. For a pure 
iid, all such molecules are able to leave the surface. Suppose 
fc the molecules of the solute behave in the liquid exactly like 
ecules of the solvent in every way, but are unable to evaporate, 
the solution contain n moles of solute and N moles of solvent, 
the molecules reaching the surface in any given time, a fraction 
^ are solute molecules which do not vaporise, hence the number 
molecules leaving the surface per second is reduced by a fraction 
^ » and the saturated vapour pressure is reduced in the same ratio, 
if 8/> be the reduction in the s.v.p., which has the value p for 
pure solvent, 

8p n 
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If m be the mass of solute and M the molecular weight, 
number of moles present ti, is mjM. It can be seen that, for a 
mass of a given solvent, the lowering of the vapour press\/re 
directly proportional to the mass of solute dissolv^, and inven 
proportional to the molecular weight of the solute. 



It follows that the boiling point of a solution of a non-volat 
substance is always higher than that of the pure solvent. Considi 
ing the curves of Fig. 87, the s.v.p. of the pure solvent read 
760 mm. at C., while solution 1 must be raised to 62 ^ C. beft 
the s.v.p. reaches 760 mm. Solution 2, twice as concentrated 
solution 1, must be raised to ^3® C. before this happens. Ift 
concentrations and the changes in vapour pressure are relative 
small, the curves of Fig. 87 can be regarded as being very ne 
parallel straight lines. As the lowering of vapour pressure 
proportional to the molecular concentration (that is, to 
AE=2AD : and as the lines are regarded as parallel, 

Hence, the elevation of the boiling point is, for all practical pur 
proportional to the molecular concentration n/N. 

In determining the boiling point of a solution, the thermom^i 
must be placed with its bulb in the liquid^ which is maintaine 
steady ebullition. As has been pomted out on p. 7, a the; 
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te: with its bulb in the vapour records the temperature at which 
ipour of the solvent is in equilibrium with the pure solvent 
idt Ased on the thermometer, and thus registers the boiling point 
pure solvent, and not the required boiling point of the solution, 
/^apour pressure over a curved surface. Surface tension theory 
that, if Pi dynes per sq. cm. be the pressure on the concave 
e, and dynes per sq. cm. that on the 
ivex side, of a spherical liquid surface of 
lius r cm. (Fig. 88), then 

Pi-P2=2T/r, 

,ere T is the surface tension of the liquid in 
nes per cm. 

Consider a liquid in an enclosure containing only its saturated 
pour, and let a vertical capillary tube of radius r stand upright 
the liquid (Fig. 89). Let p^ be the s.v.p. at the plane surface, 
that over the concave surface, and pg j^st inside the liquid 
the tube. Let p be the density of the liquid in gm. per c.c., 
the density of the saturated vapour, in the same units, and let 
jm. be the vertical height of the column. 

Then , 



Fig. 88. 


and, writing do\m the two expressions for the 
pressure at B inside and outside the tube, which 
must be the same, 

Pi + gph=pJ' 

Eliminating h and pg, 




27 


p-cr 


dynes per sq. cm. 


|us the vapour pressure over a concave surface of radius r is 

27 (T 

than that over a plane surface by an amount — • ; 

A 7* p — O’ 

bilarly, the vapour pressure over a convex surface of radius r 

J 2y (j 

^•eeds that over a plane surface by ^ Some idea of the 

' of this difference may be gained by substituting rough values 
^ an approximate calculation. 
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For a water drop of radius 0*0001 cm. at 20® C., p = 1 gm. per c. 
(7=0*000017 gm. per c.c., T==73 dynes per cm. The pressure ^ 
2 X 73 0*000017 

cess IS X j dynes per sq. cm., ci- 25 dynes per sq. cn 

or about 2 x lO"-^ mm. mercury. 

The effect thus does not seem to be very large for a reasonal 
small drop, but it must be remembered that it increases as 
radius of the drop decreases. It means that drops of liquid jEtlwa 
tend to evaporate, and the smaller the drop the greater the yap 
pressure excess, and the faster it evaporates. In a cloud coql^iist 
of a mixture of drops of different sizes suspended in a space saturate 
with water vapour, the smaller drops (with the greatest vapc 
pressure excess) evaporate, and the larger drops (with the si 
vapour pressure excess) groAv. It is hard to imagine how a vap 
can ever condense at all if it has to start with droplets of extreme! 
small dimensions. In practice, in the absence of small dust 
tides, which offer a nucleus of appreciable radius to begin with, i 
charged ions the electric field of which tends to increase the 
of a drop condensing on them, the vapour pressure can be increase 
considerably beyond the normal saturated vapour pressure bcfot 
condensation occurs. A vapour at a pressure above the saturate 
vapour pressure for that temperature is said to be supersaturate 
Some degree of supersaturation is usually necessary before a vapoD 
vill condense at all, even on nuclei. A very important applicatia 
of the condensation of droplets from a supersaturated vap 
upon charged ions is the Wilson Cloud Chamber, in which 
tracks of ionising particles are made visible by the condensation d 
small drops of water on the ions the^- produce in their pass^ 
through air supersaturated with water vapour. 

Surface tension also affects the formation of bubbles in a boili 
liquid. In order to blow a bubble of radius r, there must 
pressure excess of 27\'r inside it, so that the s.v.P. must exo 
the outside pressure by 2T/r before ebullition can occur. ( 
2T a 

additional term is very small and is neglected in 

argument.) ^ 

At 140® C. for water, T = 50 dynes per cm. approximately, ^ 
the s.v.P. of water is about 5 x 10® dynes per sq. cm. ; so, as 
atmospheric pressure is about 10® dynes per sq. cm. the excess^ 
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w ‘ dynes per sq. cm. The radius of bubbles which would just 
, )ported from within by their own vapour pressure is given by 

ihv. 'I uting in the equation 

^ 2T 

pressure excess = ■ ^ , 


cii(*e 


4 X 10® = 


2x50 


j r =2*5x10“® cm. 

lence, in order to initiate steam bubbles of this radius, the 
iperature of the water would have to be about 140° C. Once 
i bubble is formed, the pressure excess required decreases as the 
iius increases and the bubble grows ; so such a bubble would 
^11 rapidly and burst explosively. This is the cause of “ boiling by 
inping ” (p- 181 )• Ordinary water boils steadily at first, as bubbles 
dissolved air act as nuclei of appreciable radius into which the 
ter vapour can evaporate. But after water has been boiled for 
rie time so that most of the dissolved air has been removed, 
mping can only be prevented by the addition of small pieces of 
rous pot or other substance, which serve the double purpose of 
)viding nuclei and also help to break up large bubbles as they rise. 


COOLING DUE TO EVAPORATION 
iVhenever a substance changes from the liquid to the vapour 
te, latent heat of evaporation must be supplied. The lower the 
nperature, the greater is the value of the latent heat. This is 
sily seen, since we can turn one gram of water at 20° C. into steam 
1(K)° C. either (a) by heating the water first to 100° C., and then 
pplying 540 calories, or (6) by evaporating it at 20° C. and then 
atirig the vapour up to 100° C. As the initial state and final 
suit are the same in both cases, the same quantity of heat must 
ve been used in both cases. As the specific heat of water vapour 
considerably less than that of water, the latent heat at 20° C. 
ast be considerably greater than that at 100° C. 
if evaporation is promoted and no other source of heat is avail- 
e, the latent heat is drawn from the liquid itself and from its 
foundings, which are thus cooled. This is the principle of most 
finitTcial refrigerators, in which a volatile liquid is made to 
^porate rapidly, the vapour then being condensed and returned 
[ tbo use of a compressor or some other means. It is also the 
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basis of many simple everyday devices, such as the use of ungla 
earthenware for butter coolers ; the earthenware is kept moisten 
with water, and evaporation from the porous surface keep?? 
temperature of the vessel and its contents cool. 

The temperature of the human body is maintained at ab 
98*4® F., whatever the temperature of the surroundings and 
nature of the thermal insulation with which it is clad. Heati 
continually generated by the chemical actions which occur'iin 
body, and this must be dissipated as fast as it is produce^ if tl 
temperature is to remain steady. This dissipation is ad^ieve 
largely by the evaporation from moist internal surfaces of Wata 
which is exhaled, and by the evaporation of perspiration from i 
skin. If the evaporation is too rapid, as when one sits in a draught 
a sense of chill and discomfort is felt. If the evaporation is not rapi 
enough, as in a small inadequately ventilated room, the even nioi 
acute discomfort of ‘‘ stuffiness ’’ is produced ; this has little tod 
with the actual temperature or with the accumulation of carb 
dioxide or bad air ”, for it is experienced in the open at all ten^ 
peratures in moist climates. It is because the air is so near sata 
tion that necessary evaporation from the body is reduced 
the comfort level. The factor which determines personal comfc 
is not how much water vapour the air contains, but how much ?m 
there is room for at that temperature — ^in other words, how far the a 
is from being saturated with water vapour. 

The moisture content relative to that of saturated air, called t 
relative humidity, is thus the really important quantity which centre 
the evaporation of water from a surface. 

Relative Humidity. Definition 1. The relative humidity of 
atmosphere is the ratio 

mass of water vapour present in a certain volume of the air 
mass of water vapour required to saturate the same volume at t 

same temperature. 

Assuming that water vapour obeys Boyle’s Law closely rights 
to the point of saturation, the density of the vapour, and hence t 
mass present in a given volume, is proportional to the pressure! 
exerts. This assumption is not quite correct, but the inaccuracy j 
not really important for this purpose. It leads to a second and i 
quite identical definition. 
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I pf rlnition II. The relative humidity of the atmosphere is the 

0 

,i(^t ual pressure of water vapour p resent in the atmosphere 
siiturated vapour pressure of water at the temperature of the 
atmosphere. 

[instruments for determining relative humidity are called hygro- 
These may be classified broadly as : 
absorption hygrometers^ which employ definition I, and have to 
I used with tables stating the mass of water vapour to saturate a 
ven volume, say 1 cubic metre, of air at different temperatures, 
set of such tables was compiled by Regnault. The chemical 
rgrometer is the standard example of this t 3 rpe. 

(6) dew point hygrometers, which employ definition II, and have 
be used with tables giving the S.V.P. of water at different 
nperatUres. 

;) empirical hygrometers, for which no complete theory has yet 
worked out. These are by far the most important instru- 
its. The two chief types are the wet-and-dry bulb hygrometer 
1 the hair hygrometer. 

brief account only of the more important instruments will be 
I here.* 

ihemical hygrometer. In this instrument, a stream of air is 
ited slowly over dryiiig tubes, and the gain in weight of the 
and the volume of air passed over are recorded. The mass 
water vapour actually present in a given volume of air is thus 
ulated, and this is compared with the mass required to saturate 
same volume of air at the same temperature, as given in tables, 
apparatus is large and not readily portable, the experiment 
is a considerable time, rather laborious corrections must be 
)lied, and by the time the result has eventually been worked out 
iditions will probably have changed. Its chief use is in the 
►ry for standardising the simpler types of instrument, 
ew point hygrometers. The dew point is the temperature to which 
; air must be cooled in order to deposit dew on a surface in contact 
it. As the cooling takes place at constant pressure, the 
•Bsures of both air and water vapour are unaffected by it. 

usual method of determining the dew point is to cool the 

^1' further information the reader should consult Discussion on 
omctry » (The Physical Society, 1921). 
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surface on which dew is to be deposited, observe the temperature j 
the surface at which a film of dew first appears on it and the temy: 
ture at which the film disappears as the surface is allowed to ws 
up again ; the mean of the two temperatures is taken as the 
, point. 

At the dew point, the tvater vapour cLctuaUy present in the air j 
sufficient to saturate it. Thus the aetiud pressure of the wa 
vapour in the air is the saturated loater vapour pressure at t]|^e dei 
point. Hence the relative humidity 

_ actual water vapour pressure in the air 
s.v.p. of water at air temperature 
S.V.P. of water at the dew point 
s.v.p. of water at air temperature * 

All that is needed then is to observe the air temperature and 
dew point, and to have available tables of saturated vapour pn 
sures. For example, if the air temperature is 18*0° C., and dei 
is first deposited at 11*0° C. and disappears at 11*8® C., the 
point is 11*4° C. From tables, 

s.v.p. of water at 11*4® C. ==10*11 mm. 

s.v.p. of water at 18*0® C. = 15*46 mm. 

Relative humidity =0*655 = 65*5 per cent. 

The most convenient form of dew-point hygrometer is that ( 
to Regnault (Fig. 90). Two glass tubes are mounted side by sidi 
the lower end of each tube being closed by a thin highly polishi 
silver thimble. One tube contains a quantity of ether, throu^ 
which air entering by the tube shown is bubbled by connectiii 
. the outlet tube to an aspirator or filter pump. This stream of ai 
both provides a large surface from which the ether can evapon 
(the interior surface of the bubbles) and also removes air saturate 
with ether vapour, so that the ether evaporates rapidly, wit 
consequent cooling of the silver thimble, "^he observer, standiii 
some distance away, takes the reading of the thermometer at t 
instant when the dew is first noticed on the thimble. DompariB( 
with the appearance of the thimble on the second tube 
this to be judged with eonsiderable accuracy, and the thermomei 
in this gives the air temperature. The flow of air is then stopp 
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nd the thimble is allowed to 
,arin up again, the temperature 
f the thermometer being read 
,rhen the last trace of dew has 
isappeared. As the thermometer 
close to the thimble, and as 
[uring the cooling part of the 
xperiment the current of air stirs 
he ether well, it can be taken 
hat the reading of the thermo- 
netcr does give the temperature 
II the thimble surface fairly 
accurately. Ezer Griffiths found, 

)y connecting one junction of a 
hermocouple to the outside of the 
himble and the other junction to 
lie thermometer bulb, that with 
/his type of thimble the difference 
letween the thermometer reading 
ind the true thimble temperature at the instant of deposition and 
mnishing of the dew film was about 0*3® C. 

The chief experimental difficulties with the dew-point method 
ire in observing the instant at which dew appears, and in the 
mcertainty as to how far the temperature of the thermometer 
'epresents that of the surface. Many of the earlier forms of dew- 
oint hygrometer failed in one or both of these respects. Ako, the 
Dstrument should be used in still air, since the temperature at which 
iew is deposited from a current of air streaming past the surface is 

f wer than the true dew point. The observer himself is a source of 
ater vapour, and should stand as far from the apparatus as possible. 
In a modern form of Regnaultk hygrometer, due to Griffiths, a 
ample of air is trapped in a cubical box containing the silver 
Wmble, which is observed through a window ; it is then certain 
hat the air is still and that the observer cannot affect the result. 

distant-reading form of dew-point hygrometer has also been 
pviied by Griffiths. This uses the fact that the formatm of a fine 
poi of dew on a polished surface causes a huge decrease in its 
Nlccting power for radiant heat. Radiation from an incandescent 

r P is reflected from the cooled surface on to a ccmcave mirror 

N.a. 0 



Fia. 90. — Regnault’s dew-point 
hygrometer. 
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which concentrates the beam on a thermocouple connected to 
galvanometer. A decrease in the thermocouple reading indicate 
at once when the surface is dimmed by dew. The temperature ( 
the cooled surface is also read by a thermocouple. 

To the student, the dew-point hygrometer probably seems ve 
satisfactory, since the theory of it is so straightforward. The ch 
disadvantages for industrial and meteorological work are 
certain degree of skill is required for its operation, and that i 
cannot as yet be adapted to the production of coniinuo 
records. 


Wet-and-dry bulb hygrometer. When a thermometer biilb 
covered with wet muslin which is kept moist by means of a wicl 
dipping into a vessel of pure water, the thermometer will record 
a temperature which is lower than the true temperature of i 
air unless the air is completely saturated. The difference (t - 
does not depend at all on the size or shape of the thermomete 
bulb ; subject to certain conditions to be mentioned later, it varies] 
only with the relative humidity of the atmosphere. An ordin 
thermometer is usually moimted by the side of this, to give the j 
temperatiu^ t, and the whole apparatus is called the wet-and-c, 
bulb hygrometer. 

The theory can be outlined in a general way. The lower 
relative humidity the more rapidly will evaporat on take place frc 
the muslin ; and the faster the evaporation the more rapidly is t 
necessary latent heat abstracted from the thermometer bulb, 
the lower is the steady temperature to be reached before thisi 
balanced by heat gained from the air. As the problem seem 
essentially to be that of furnishing latent heat from the surround 
air, it seems reasonable that the intermediate surfaces involved i 
muslin and bulb itself) should not affect the steady state of affairsj 
since they are always at a steady temperature. 

The deduction of an exphcit formula giving relative humid 
in terms of the difference {t - is a formidable task, as so raa 
factors are involved. Theoretical formulae were derived by Clei 


Maxwell for still air, and by G. I. Taylor for moving air. Regn 
employed an empirical formula advanced earlier by August 


Apjohn, 




where p is the actual vapour pressure, the s.v.P. at the wet*bu 
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jiDperature, P the atmospheric pressure, and A a “constant”. 
a\ ing calculated p, the relative humidity is obtained by dividing p 
V tlie s.v.P. at f, thus constructing tables from which the relative 
iiiiiidity for a given t and (t - tj can be read. Regnault’s formula is 
je basis of the tables now in use in Great Britain. 

Tlic' value of the “ constant ” A depends on the strength of the 
r-draiight past the wet bulb if this is small, though its value is 
instant for all speeds exceeding about 2-5 metres per sec. Thus the 
'(1 of the draught if low must be known, so that the appropriate 
an be used ; or else an artificial “ strong wind ” exceeding 2*5 
,ivs/sec. must be maintained. 

'1k‘ standard British instrument, Mason^s hygrometer, is intended 
)e exposed in a Stevenson screen, the ventilating louvres of which 
assumed to give a “ light air ” draught of 1-1*5 metres/sec. The 
eorological Of&ce Hygrometric Tables are based on A for a draught 
:his speed. The value of A varies slightly with because the 
•lit heat of evaporation varies with temperature, but this small 
(t is neglected in British tables. 

k‘lo\v 0^^ C. the wet bulb may be found coated with either super- 
water or ice. The standard practice is then to brush the wet 
b with distilled water at 0° C. This coats the bulb with ice for 
tain. Now, below 0° C. the s.v.p. of water vapour in equilibrium 
h ice is less than the s.v.p. of water vapour in equilibrium 
h liquid water. The depression of the iced bulb depends on how 
the air is from saturation with respect to ice. In the 1940 edition 
the Hygrometric Tables, the relative humidity at temperatures 
low 0° C. is defined as the ratio “ actual vapour pressure/s.v.p, 
ir ice at the dry-bulb temperature ”, and the tables for use below 
J freezing point give this quantity. If the actual vapour pressure 
1 between the values for the s.v,p, over water and the s.v,P. over 
the reading of the ice-coated wet bulb is above that of the dry 
[b, since the air is supersaturated with respect to ice. The relative 
ftiidity with respect to ice then exceeds 100 per cent. ! 

^«pirated hygrometers, or psychrometers, are used in confined 
Ices, and are also favoured as standard meteorological instru- 
^^ts in some countries. By whirling the instrument on a sling, 

( other suitable means, a draught in excess of 2*5 metres sec. 
obtained ; tables based on the “ strong wind ” value of A are 
ploy(‘d. 
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Fig. 91 shows the Assmann psych 
meter, in which the necessary ventilatio 
is provided by a clockwork-driven fai 
Before each observation the clockwc 
is wound up, and the muslin round 
wet bulb moistened by distilled watf 
from a rubber bag. The bulbs of tli 
thermometers project through the iijiver 
U portion of the ventilation tul^, 
open ends of which are highly polish 
to act as a radiation screen. 

The Cambridge Instrument Co. manii 
factures recording hygrometers (or hygi 
graphs) which use the wet-and-dry bu 
principle. Mercury-in-steel thermomeb 
or electrical resistance thermometers, i 
used. Each thermometer operates 
own recording pen, which traces outj 
line on a chart driven by clockwork, 
From these traces, the relative humiditj 
at any instant can be found from 

Fig, 91. usual tables. In other forms of instm 

Assmann psychrometer. 

ment, the relative humidity may 
recorded directly by a single tracing pen. Such apparatus has 1 
adapted to the control of relative humidity in air-conditioiiiii| 
plants, by causing the recording apparatus at the same time i 
operate a valve controlling the moisture intake to the chamb 
concerned. 

Hair hygrometer. Human hair increases in length as the relatiTj 
humidity of the surroimding air increases, the difference betwef 
the length in dry air and that in saturated air being of the order (| 
3 per cent. The hair hygrometer, first invented by de Saussurea 
1783, uses this change in length to move a pointer over a dial whi^ 
is graduated to read the relative humidity of the air directly, 
was formerly thought that the instrument was extremely or 
and it was found that the readings were not self-consistent 
tended to change with age and exposure. The unreliability j 
probably due to two causes : permanent elongation of the 
which is always under tension, and fouling of the surface of the 1 
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work has to be done in order to rotate the pointer, a certain 
snsion must be maintained in the fibre (the small spring b in 
ig. 92 is for this purpose). The smaller this tension, the more 
(liable the instrument should be. The instrument should be 
ilibrated at intervals under normal working conditions ; it is then 
ttisfactory enough. 

The chief advantages of the hair hygrometer are : (1) can be 
\ed at temperatures below 0® C. without any modification. For this 



Fig. 92. — Hair hygrometer. 


ason it is the standard meteorological hygrometer in Norway and 
ewhore. (2) It gives direct readings of the relative humidity, 
|quiring no skill whatever to read it. (3) It is rapid and con- 
nuous in its readings. (4) It is small and portable. 

Most ordinary recording hygrographs use bundles of hairs as 
le sensitive elements. The following instructions are given by 
essrs. Casella and Co. for use with their hygrographs : “ The 

t ndle of hairs should be wetted once a week with a camel hair 
ush. When they are thoroughly wet the pen should read 95 per 
fit. If it does not, adjustment may be made by means of the 
f’ew at one end of the bundle. The reason why this figure is not 
^ I'cr cent, is that the weight of water on the hairs depresses 
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them slightly. The hygrograph may be adjusted by comparin| 
its readings with an aspirated hygrometer (i.e. wet and dry bull 
type).” 

The measurement and control (by “ air-conditioning ”) of relativi 
humidity is of great importance in many industries, particularly j, 
the manufacturing of textiles, the seasoning of timber, and tb 
storage of various foodstuffs. 

Other methods of measuring relative humidity. The foUjowinj 
are among the many methods which have been suggested i^pr th 
measurement of relative humidity in various circumstances. 

1. Heating of cotton. Perfectly dry cotton is warmed apprecdabli 
when brought into a moist atmosphere. The change in tempera 
ture, which depends on the relative humidity, is sufficient to b 
observed with a delicate thermometer ; but this is rather a sloi 
process. 

2. Electrical resistance of a ground glass surface. Glass, partic 
ularly ground glass, is hygroscopic, and the amount of moistiin 
collected by the surface depends on the relative humidity ; thii 
affects the electrical resistance of the surface. Unfortunately, tli 
does not appear to work very consistently. 

3. Befractive index of glycerin. Glycerin absorbs moisture unti 
the vapour pressure of the mixture equals the pressure of the wat«i 
vapour in the atmosphere ; the composition of the equilibrium 
mixture can be ascertained from its refractive index. It is essential 
that only a thin film of liquid be exposed, for example, a smear ol 
glycerin on a cigarette paper. A refractometer of the type usd 
for finding the refractive index of a small quantity of liquid can 
be calibrated to give relative humidities directly, 

4. Thermal conductivity. The “ Katharometer ”, which is de- 
scribed later (p. 354), is normally used for the measurement ol 
small proportions of hydrogen or carbon dioxide in the air. These 
gases, on account of the considerable difference in molecular weigM 
have thermal conductivities which are respectively much greatei 
and much less than that of air. The method should, if water vapou 
is the only ‘‘ foreign gas ” present in the air, also be applicable t( 
the determination of the percentage of water vapour in the air, 1>] 
comparing the thermal conductivity of the sample chosen with thal 
of dry air. This method would give the absolute percentage i 
water vapour, not the relative humidity ; consequently at W 
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[empGratures, when the absolute percentage is very small even at 
j^igh relative humidity, this method is very insensitive. 

Further accounts of these and one or two other methods will be 
■ound in the “ Discussion on Hygrometry ” mentioned on p. 199. 
[^Ht it should be thought that they have been dismissed summarily 
^erc, it must be remembered that “ the important matter is the 
)raciical utility of the instrument in service conditions, rather than 
ts scientific precision in conditions which are appropriate to a 
veil-equipped laboratory ”, as Sir Napier Shaw states in emphasising 
he great practical importance of the simplest of all such instru- 
Qents, the hair hygrometer. 

Ill conclusion, mention must be made of an improved t 3 q)e of 
Icctric hygrometer described in 1939 by F. W. Dunmore. A small 
luminium tube, about II in. long and | in. diameter, is coated 
ith an insulating layer of polystyrene resin. Two coils of pallad- 
iDi wire are wound, side by side, over this, 
s shown in the diagram (Fig. 93). The 
irface of the insulator is then covered with 
thin film of lithium chloride solution 
lixed with partially hydrolysed polyvinyl 
?etate. The lithium chloride solution is. 
le hygroscopic material, and the acetate 
rv us as a binder so that a very thin 
niform film is obtainable, at the same time being slightly hygro- 
•opic itself. The resistance of the film between the two 
illadiiim wires depends on the proportion of absorbed Water, and 
lus on the relative humidity. It is usual to use a battery of 
veral such tubes, each with a lithium chloride solution of different 
mcentration, for different humidity ranges. Such a battery with 
resistance of 7 megohms at 10% humidity has a resistance of only 
megohms at 90% relative humidity. The design of the 
«trument, and the very thin film used, make it very rapid in 
tion. It is used in “ radio-sonde ” balloons, which are sent up 
the upper atmosphere carrjdng instruments and a small radio 
insmitter which signals the indications of the instruments ; thus 
adings of the relative humidity at great heights are obtained. 
Refrigerators. Fig. 94 illustrates the principle of the usual type 
rt'frigerating machine, in which the evaporation of a suitable 
Rid abstracts latent heat from the surroundings. 
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The vessel A contains a pip 
coil which is surrounded by th 
substance to be chilled, usuall 
calcium chloride brine, 
liquid evaporates inside thi 
coil, cooling the brine by th 
abstraction of heat. The pum] 
B removes the vapour 
condenses it in the pipe passii 
through the vessel C, which contains cold water to remo’\^ 
latent heat given up. The liquid passes through a valve to 
pipe in A, whence the whole cycle of events is repeated. 

Sulphur dioxide, carbon dioxide, and ammonia are among thi 
substances commonly used as refrigerants, though several suitabli 
organic liquids are also used. The material chosen depends on thi 
use to which the refrigerator is to be put. Sulphur dioxide require 
a plant of large volume, and at very low temperatures its vapou 
pressure is so low that there is the risk of air leaking into the plant 
hence it is not used for the production of very low temperatures 
Carbon dioxide requires very high pressures, but the volume of thi 
plant is small, hence it is chiefly favoured for installations on boan 
ship. Ammonia is probably most generally used in ordinary 
installations. Modem organic refrigerants include “ Freon’ 
(CClgFg), and several other volatile hydrocarbon derivatives o 
similar type. 

The ‘‘ Electrolux ” refirigerator works on the same therma 
principle, but without the use of a mechanical compressor 
Ammonia, which is very soluble in water, is used as the refrigerant 
The apparatus (Fig. 95) contains four main units — ^the boiler A, i 
which ammonia gas is generated from a concentrated aqueoiii 
solution by an electric heater H ; the condenser B, surrounded b} i 
cold water jfwjket or cooled by radiator fins, in which the ammonii 
gas condenses to ammonia liquid; the evaporator C, inside 
space to be cooled, in which the liquid ammonia evaporates ; am 
the absorber Z>, cooled by a water jacket, in which ammonia gas i 
absorbed in a weak aqueous solution of ammonia. 

Hydrogen circulates between D and C, entering at the top off 
with the liquid ammonia, leaving at the bottom with the ammon 
vapour, and passing through D unchanged while the ammo 



A c 

Fig. 94. — Refrigerator. 
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olves. The strong aqueous solution from the bottom of Z) is 
nped to the top of A by winding the tube round the heater H , 
that bubbles of vapour are formed in the tube. The circulation 
hydrogen between G and D really performs the evaporating (low 
sure) function of the pump in the ordinary refrigerator, while 
circulation of water between A and D corresponds to the 
hdensing action (high pressure) in the simple scheme of Fig. 94. 
yapour pressure thermostats. The vapour pressure of a suitable 
atilc liquid can be used to operate a simple and very ingenious 
of thermostat (Fig. 96). The liquid is contained, in a metal 
e, which communicates by means of a fine capillary tube with a 
bhle metallic bellows which, when expanded by the vapour 
^sure of the liquid, closes a switch in the electrical heating circuit 
set to control. Movement of the bellows is opposed by a 
which is adjusted by the knob shown on the right of the 
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Fig. 96. — ^Vapour-pressure thermostat. 
Reproduced by courteey of the British Thermostat Co., ltd. 


instrument, so that the pressure required to work the switch, an 
hence the temperature which is maintained, can be varied. Tii 
temperature scale for setting the instrument is shown in front of th 
spring in Fig. 96. 

FUSION 

For a pure crystalline solid, the change of state from solid I) 
liquid (the act of fusion) takes place at a single definite temperatuj 
imder a fixed pressure. This temperature is called the meltii 
point for that pressure. Properly defined, the melting point at a giv! 
pressure is the temperature at which solid and liquid are m equilibriui 
under that pressure. The surface layers of the solid are the first! 
melt. Impure substances, mixtures, and non- crystalline substana 
do not as a rule have a sharp melting point ; for example, ^^ax( 
behave in this way, and glass (which is usually regarded as a supe 
cooled liquid) gradually softens throughout its bulk as the tempen 
ture is raised. 

Fusion is accompanied by a change in volume, which may I 
either an increase or a decrease. Ice is less dense than the wafe 
it forms, consequently there is a decrease in volume when ice melts 
but solid wax is denser than molten wax, so there is an increai 
in volume when wax melts. 

Determination of the melting point of naphthalene. A tl 
glass test-tube containing a thermometer is about one third 
with crystals of naphthalene and heated to 100® C. in a water bat 
It is then quickly removed, and suspended in an empty beaker 
protect it from draughts. Readings of the temperature are tal 
each minute, until the temperature has fallen to about 40® C., ^ 
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rraph of temperature against time is plotted. If the liquid be 
11 stirred as long as this is possible, the curve obtained will be as 
5 ( 7 ) (Fig. 97), the flat horizontal portion indicating that latent 
it is being evolved during the change of state. If the liquid is 
t stirred, a curve such as 
HEFCD may be obtained. 

.)ng the portion BE the sub- 
nee, although below the true 
Iting point, is still liquid ; 
is said to be a supercooled ^ 
iiid. At E, solidification 5 
riiis, and the latent heat |- 
)lved raises the temperature ^ 
the true melting point, after 
ieh matters proceed nor- 
Ijy. When the solid melts, 
does so invariably and 
irply at the melting point ; Fig. 97. — Cooling curve for naphthalene. 
Kjc the steady equilibrium 

nperature is often referred to as ‘‘ the melting point of the solid ” 
her than ‘‘ the freezing point of the liquid 

Effect of pressure on the melting point. The effect of a change 
pressure on the melting point depends on whether the substance 
pands or contracts in volume when the change of state occurs, 
r a substance which contracts on melting (such as ice), increasing 
5 pressure lowers the melting point, while decreasing the pressure 
ses the melting point. For a substance which expands on 
^Iting (such as wax), increasing the pressure raises the melting 
at, while decreasing the pressure lowers the melting point. 

This might be expected from general considerations. In the case 
ice, for example, if the pressure is increased this aids contraction 
d hence aids melting of the solid, which should thus take place 
>re readily, or at a lower temperature. This line of argument, 
>pc7ly developed by thermodynamics, not only explains the 
in melting point, but also enables the size of the change to 
calculated. The formula derived (the Clausius-Clapeyron 
ation rearranged) is 

dT T(v^-v,) 
dp'' U ^ 



Time 
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where dT is the change in the absolute temperature T of t 
melting point caused by change in pressure dp, L is the latent he 
of fusion in cal. per gram, the volume of unit mass of the soli 
and ^2 the volume of unit mass of the liquid. 

If ^2 is greater than the substance expands on melting, ai 
dTjdp is positive, whence increasing the pressure raises the melti] 
point. If ^2 than v^, the substance contracts on meltin 

dTjdp is negative, whence increasing the pressure lowers the meltii 
point. ‘ 

The Clausius-Clapeyron equation applied to the melting ofi 
indicates a fall in melting point of 0*0072° C. per atmosphere ihcrea 
of pressure. Experiments by James Thomson and by Dewar gii 
actual results of about 0*007o° C. fall per atmosphere increase. 

Regelation. A handful of freshly fallen soft snow “ binds ” in| 
a snowball of ice under gentle squeezing of the hands. The snoi 
consists of small ice crystals at about 0° C. ; when they are squeezec 
the pressure over the small areas of contact between adjacej 
crystals is large, the melting point is lowered below 0° C., arid tl 
crystals melt at these places. Releasing the pressure eiiabl 
solidification to take place at 0° C. again, with the result that tl 
crystals are now’^ welded together in a solid mass (re -freezing, i 
regelation). If the snow’ is at a temperature much below 0°( 
snow'balls cannot readily be made. It may be that, over the vei 
small area of contact between the crystals, a gentle squeeze mu 
give a pressure between the surfaces equivalent to about 1( 
atmospheres. This should lower the melting point by 100 x O-OOI 
to -0*75° C. But if the temperature of the crystals is initial 
-1*0° C., this will not siifiice to produce melting at the edges 
contact. 

The famous regelation experiment due to Faraday, in whirl 
loaded metal wire himg over a block of ice cuts its way throu 
leaving the ice intact, depends for its successful operation on' 
transfer of latent heat through the wire. Beneath the wire the io 
melted under pressure, and receives the necessary latent heat fr 
above. The water thus formed flows over the wire, and gives ( 
latent heat as it freezes again at 0° C. Heat must thus be condnei 
steadily downwards through the wire, across which there must 
a small temperature gradient. If this is true, a copper wire shoi 
be much more effective than an iron one of the same diamet 
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ch of the ineffectiveness of ordinary string in this experiment 
y be due to its poor conductivity, though any soft substance 
obviously offer a large area of contact and hence apply a 
itively small pressure. 

The slipperiness of ice is due to its melting under pressure, 
jrding a lubricating film of water. 

ublimation. The vaporisation of solids. The process of evapora- 
fi is not confined to liquids ; all solids behave in this way as 
11 . Solids with a marked smell, such as naphthalene and cam- 
)r, must vaporise appreciably and exert a measurable vapour 
issure. Normal solids which are regarded as non-volatile have 
nitesimally small vapour pressures at ordinary temperatures, 
iodine, carbon dioxide, and ice are three well-known examples 
substances which pass directly from the solid to the vapour state 


temperatures below the ordinary melting 
nt ; this process, or the complete opera- 
n of vaporisation and then condensation 
the vapour to solid again (the counter- 
rt of the distillation of a liquid), is called 
ilimation. 

The saturated vapour pressure of ice at 
ierent temperatures can be measured by 
adaptation of the barometer-tube 
ithod (in which the ice is contained in a 
lb E at the top of the tube, which is 
iiiersed in a suitable freezing mixture, as 
Fig. 98), or by the method of Ramsay and 
)ung. The results give a curve of s.v.p. 
ainst temperature which is not a con- 
ization of the vapour-pressure curve for 
ter ; the two graphs intersect at an angle. 

triple point. Water-substance is 
en in the following argument as the 
'eriniental results are familiar. The 
pelusions are true for afi substances 
do not undergo change in composi- 
if we substitute the words “ solid ” 
‘ “liquid'' for ‘‘water”, and 
apoiir " for “ steam 



Fig. 98 .— Measurement of 
S.V.P. at low temperatures. 
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The graph of s.v.p. against temperature for water is the locjus, 
all sets of values of the two variables pressure p and temperatu 
at which water and its vapour can exist together in equilibriuu 
this graph is called the boiling curve or steam line. 

The graph of s.v.p. against temperature for ice is the locus ofi 
sets of values of the two variables p and t at which ice andj 
vapour can exist together in equilibrium ; this is the sublimai 
curve or hoarfrost line. 

The graph of pressure against freezing point is the locals ofj 
sets of values of the two variables p and t at which water 
can exist together in equilibrium. This is called the solidfifica 
curve, or ice line. 

All these curves can be plotted on the same diagram (Fig. j 
which is not drawn to scale). AB represents the steam 
CA the hoarfrost line, and AD the ice line, sloping backvan 
slightly, since increasing p lowers t (for a substance contracting c 
solidifying it would slope forwards). All three curves intersect i 
one point -rl. This point is called the triple point. It should 1 
mentioned that A is not quite at 0° C., but a little above it ; sii 
under the pressure of its own saturated vapour at that temperatiii 
the melting point of ice is about +0*0075® C. 

These curves can be regarded as lines bounding three differc 
areas of the diagram in which the different states alone 
possible. Below CAB, the substance is entirely in the formi 
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our ; in the space DAB^ it 
entirely liquid ; and in the 
3 bounded by (74Z>, entirely 

To prove that the three lines 
meet in a point, consider 
at must happen if this is 
the case. Suppose, as in 
r. 100, the hoarfrost and steam 
intersect at the ice line and the steam line intersect 
,4 2 , and the ice line and the hoarfrost line at What 
uld be the state of the substance at points within the triangle 
42 ^ 13 ? As it is below the hoarfrost line, the substance is en- 
3 ly vapour ; as it is above the steam line, the substance is entirely 
iiid ; and as it is to the left of the ice line, the substance is 
tirely solid. So the region bounded by A^A^A^ represents 
impossible state of affairs, whence it is inferred that the 
Single A^A^A^ cannot exist, and the three lines must be 
^current. 

egrees of freedom. The phase rule. Providing only that we 
within the conditions of the space DAB of Fig. 99, we can 
ain water-substance at any p and t chosen at will. We have two 
5 choices, and the system water aUme can be said to have two 
'ees of freedom. Similarly, subject only to the limits of the 
es bounded by the appropriate lines, we can have ice ahne or 
m alone at any chosen p and t. 

ow, in constructing any one of these lines, say the steam line, 
srimentally, the procedure is to vary at will one of the variables 
‘ i, and observe the change in the other. That is, we can choose 
ilue of p and observe the resuliinjg value of or we can choose a 
le of t and observe the resulting value of p. We cannot vary 
i p and t at will. The system water + saturated water vapour thus 
one degree of freedom, or one condition only that can be varied 
^’ill. Similarly, the ice line and the hoarfrost line each indicate 
ditions under which two states can coexist together, but each 
ilibrium system has only one degree of freedom, 
inally, at the triple point A, both the temperature and the 
are fixed. Under no other conditions can the three states 
^atcr. and water vapour exist together in equilibrium. When 
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all three states are in equilibrium there is no choice open, no ^ 
bUity of varying anything, and thus no degrees of freedom. 

These results can be generalised to apply to all equilibnu 
conditions. For any system, the number of components is defi 
as the number of distinct chemical species involved. In the 
considered here, we have water-substance throughout, and 
syfetem has only one component. The different states involved a 
called the phases of the system ; the single component can, exist] 
three phases, solid, Uquid, or gaseous. For this one-co^pom 
system the following table summarises the way in which theVpun 
of degrees of freedom depends on the number of phases. 


No. of phases, P. 

No. of degrees of 
freedoiii, P. 


1 

2 

3 

2 

1 

3 

3 

0 

3 


Thus, for all possible conditions of a one-component system il 
sum (P-f is 3, which equals (wo. of components 2), 

This can be generalised for any system containing any number j 
components, writing C for the number of components, when 

P + P = (7 + 2. 


In w ords, the sum of the number of phases and the number of de^ 
of freedom eocceeds the number of components by two. 

This statement is known as the Phase Buie. It was first enunciat 
by Willard Gibbs. 

Effect of dissolved substances on the freezing point. When| 
aqueous solution is cooled, the freezing point is lowered, andll 
first solid portion to appear is pure ice. The freezing point c 
solution is defined as that temperature at which the solution i8| 
equilibriiun with the solid solvent. The low^ering of the frt 
point by the dissolved substance is proportional to the conceDi^ 
tion of the solute. This statement is kimwn as Blagden’s Law. 

It has been shown that the vapour pressure of the solution c 

^ ] 

non-volatile substance is lowered according to the formula 


and thus the “ steam line is lowered to an extent which is I 
portional to the molecular concentration. 
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Fig. 101. 


[n Fig. 101, AX is the vapour-pressure curve of the pure liquid 
vent, YA that for the solid solvent, the melting point or freezing 
nt being given by the point of intersection of these two lines, 
rves lower than XA intersect the line YA at points such as P 
] Q, ^^•hich correspond to temperatures $1 and lower than the 
rmal freezing point of the pure solvent,' 6, 

?iip})ose tliat the molecular concentration of the solute in 
ution 2 (for which SQ is the ‘‘ steam line is twice that of 
utioii 1 (for w'hich RP is the corresponding line) ; SQ is then 
ice as far below AX as is i?P, and if the curves are all approxi- 
itely straight lines, AQ==2AP and 6 -02=^2 (6 -6^). That is, 

? depression of the freezing point is proportional to the concentra- 
in moles of solute per mole of solvent. 

Equilibrium diagrams for mixtures. The tw^o curves of Fig. 102 
’ a solution of common salt in water show how the temperature 
equilibrium depends on the concentration. Starting at A with 
solution of salt at 0° C. and cooling it, pure ice separates out, 
ireasing the concentration of salt in the remainder and lowering 
freezing point still further. Pure ice continues to separate out 
til the point indicated by 0 is reached, at a temperature of 
^1° C. and a concentration of about 23 per cent, of salt. Simi- 
starting with a strong solution containing about 27 per cent, 
salt at B and oooling it, salt crystallises out leaving behind a 
solution which on cooling still further deposits more salt, 



218 


A TEXT-BOOK OF HEAT 



Fig. 102. — Equilibrium dictgram for salt solution. 

until eventually the point C is reached. To the left of C then, t 
solid deposited on cooling is pure ice ; to the right of <7, the s 
is pure salt. At (7, both ice and salt are deposited together, or t 
substance appears to solidify as a whole. Hence, a mixture of wiiiij 
the composition is that for the point C has a definite fn 
point, behaving in this respect like a pure substance. The ^ 
is called the cryohydric or eutectic point, and the mixture 
composition of which corresponds to (7 is called a cryohydric mix 
or eutectic mixture. 

Ice and salt as a freezing mixture. Two simple points whi 
require some careful thought for their explanation are (a) howl 
is possible to obtain a low temperature by the use of a mixture j 
ice and salt, and (6) why salt placed on an icy pavement will i 
the ice. Both depend on the same effect. When salt dissolvesi 
water heat is absorbed, and the resulting solution has a H 
freezing point than the pure water. In the freezing mixture, 
progressive solution of the salt, with resulting lowering of temp 
ture, takes place until the proportions of the mixture are 
the eutectic mixture, and the temperature is that of the euti 
point. When salt is used to “ thaw ’’ an icy pavement the i 
thing happens ; the resulting mixture will remain liquid if ^ 
temperature is above the eutectic temperature, as is the case exce 
in extremely cold climates. 
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A.U 0 ys. xvtJsuiua very simuar uu tuose lor a soiunon 01 saiD in 
t(‘r are obtained with alloys. The simple case of the alloys of 
d and tin, which is of great practical importance, will be con- 
[erccl in some detail. 

T[i{‘ melting point of lead is 327° C., and that of tin is 232° C. 

alloys containing known proportions of each constituent can 
made by melting a known mass of lead in a crucible, and dissolv- 
. tlic required amount of tin in the liquid lead. Using a 360° 
rciiry thermometer, or a suitable thermocouple, cooling curves 
• the pure metals and for alloys of different known compositions 
ti be obtained. 

Ihire lead and pure tin give cooling curves with a single horizontal 
irtioii. like the curve for naphthalene, denoting a definite melting 
init. Alloys, except those with compositions in the neighbourhood 
about GO per cent, tin and about 40 per cent, lead, give curves 
ith two " halt ” stages, as shown in Fig. 102 (a). The upper halt 
shows that solidification is beginning ; at this temperature one 
the pure metals is being deposited, just as salt or ice is at first 
posited when brine is cooled. At the lower halt F, the whole 
ass solidifies, just as does brine at ~ 21° C. Between the tempera- 
res of these two halts, the alloy is in a pasty state, containing 
vstals of solid in the liquid. At the lower temperature, which is 
e same whatever the composition of the alloy and is the eutectic 
nperature, the liquid portion of the pasty mass, which has the 



Fig. 102 (a).--Cooling curve for alloy. 
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Fio. 102 (b ), — Equilibrium diagram for Pb : Sn alloys. 

eutectic composition of 63 per cent, tin and 37 per cent, 
solidifies as a whole. This temperature is 183® C. 

The graph of Fig. 102 (6) shows how the temperature at whidj 
solidification begins varies with the composition of the alloy. Frc 
A to B, lead is the solid first deposited ; B is the eutectic 
and from B to C the sofid first deposited is tin. The triangul 
areas beneath the two parts of the graph and above B contain l 
points at which the substance is partly soUd and partly liquid,! 
the pasty stage. 

Solder is an alloy of lead and tin, and the diagram shows wlij 
solders of different percentage composition are used for difere 
purposes. Ordinary soft solder, or tmnran's solder, must 
two requirements. First, it must have a very low melting 
at least lower than that of tin ; secondly, it must have a sharp a 
definite temperature of solidification, as any slight displacement Jj 
the parts which might occur during protracted solidification wd 
cause the soldered join to be weak. The ideal composition 



FRACTIONAL DISTILLATION 221 

be that of the eutectic mixture, with 63 per cent, of tin ; as 
, is expensive the usual solders contain about 60 per cent, of tin, 
it the proportion cannot be reduced much below this without 
sing the sharp setting point. Plumber's solder, on the other hand, 
>ed only have a melting point below that of lead ; and a large 
nge of temperature during which it is partially solid is required, 

, enable the plumber to work the metal and “ wipe ” the joint, 
[umber’s solder usually contains about 67 per cent, of lead and 
per cent, of tin. As the graph shows, an alloy of this com- 
sition will begin to solidify at about 253° C., and continues in a 
tstv state until it has cooled to 183° C., giving a range of 70° 
iring which the plumber can work on it. 

FRACTIONAL DISTILLATION 

[wo completely miscible liquids. Consider a mixture of two 
lids A and B which can form a mixture in any proportions. 
^ vapour in equilibrium with the liquid always contains both 
istituents, and in general the composition of the vapour is 
erent from that of the liquid. Hence, if a graph of boiling point 
inst ])crcentage of one component, say A, is drawn, there will be 
) possible curves ; one of these curves is the graph of boiling 
nt against percentage of A in the liquid, and the other is the 
)h of boiling point against percentage of A in the vapour. Fig. 103 
ws such a diagram. The lower line is the liquid curve, the upper 
vapour curv^e. The horizontal line at some temperature 
s the liquid curve at X and the vapour curve at T, whence it 
en that at Of" the boiling liquid contains 29 per cent, of A and 
vapour from it contains 80 per cent, of A, Points within the 
cc bounded by the curves indicate mixtures of liquid and vapour ; 
example, P in the figure represents a m ixture of liquid and vapour 
containing 50 per cent, of 

^ niixturo boiis when the total pressure of the mixture of vapours 
lals the external pressure. The boiling point is the temperature 
whi(!h the pressure of the mixed vapours is 76 cm. There are 
ee possible cases to consider. 

• The boiling points of all intermediate mixtures lie between 
foiling points of the two pure liquids. In this case, the con- 
j^^cuts can be separated by fractional distillation. Examples 
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Fig. 103. — Mixture of two liquids. 

are mixtiires of alcohol and water, and of liquid nitrogen and liqui 
oxygen. 

2. All mixtures boil at temperatures above the boiling points d 
both the pure liquids. 

3. All mixtures boil at temperatures below’ the boiling points d 
both pure liquids. 

In cases 2 and 3 it is not possible to separate the tw^o liquids I 
fractional distillation. The effect of boiling is to obtain a consti 
boiling point mixture. 

Theory of fractional distillation. The separation of oxygen an! 
nitrogen from liquid air is an example of outstanding importancej 
and this will be considered in some detail. Fig. 104 shows 
curves of boiling point against percentage composition of 
liquid (lower curve) and vapour (upper curve). The letters A, 1 
refer to stages in the fractionating column of Fig. 105. 

(a) To obtain pure nitrogen. Suppose liquid air, containing 
per cent, nitrogen and 23-3 per cent, oxygen, is produced at - 193°j 
and allowed to attain equilibrium with its vapour at A (Figs* 
and 105). Following the horizontal line for - 193*^ C. to the 
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Percentags Oxygen 



seen that the composition of the liquid is 63*6 per cent, nitrogen, 
le following it to the right, the composition of the vapour at this 
iperature is 86*5 per cent, nitrogen. The liquid is now discarded, 
the vapour cooled to - 194® C., and allowed to attain a new 
►our-liquid equilibrium in which the composition of the vapour is 
1 per cent, nitrogen and that of the liquid is 76 per cent, nitrogen 

If the liquid is again discarded and the vapour is again cooled, 

equilibrium is attained in which the vapour is still richer in 
■ogen. By repetition of this process, vapour consisting of pure 
ogen is eventually obtained. 

To obtain pure oxygen. As before, a start is made with 
ud air at ~ 193® C., containing 23*3 per cent, oxygen. When, 
ilibriiim is attained, the vapour has the composition 13*5 per 
t. oxygen, and the liquid 36*4 per cent, oxygen. The vapour 
dlowed to escape, and the liquid warmed to, say, - 191® C. ; 
this temperature there is equilibrium between vapour containing 
1 per cent, and liquid containing 56*5 per cent, oxygen, at C. 
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I 24 0% 
^ Oxygen 


Gaseous The vapoup is again allowed 

I r escape, and the liquid warmed 

-N. a slightly higher temperatu 

' 100 % I Nitrogen I whcpe it is again allowed to 

) _i 96 ® equilibrium. The process of bi 

ing the liquid into equilibriii 
ogen 1 1 % with the vapour at a successio 
i gradually raised temperature 

91 % I discarding the yap 

^ B ig repeated, until finally thi 1 

^ remaining is pure oxygen. 

i y The fractionating column is 
Oxygen series of compartments each 

^ yj which is maintained at a particu 

lar temperature. In each 
^'*'^'"^- 191 ® C partment liquid and vapour attai 

^ the appropriate equilibrium 

6o o%l Nitrogen | otygen that tcmperaturc. Fig. lOorepi 

sents a fractionating column] 

oxyge^l 44-6%1 Nitrogen Separation of liquid air. 

V consists essentially of a series j 

27-7^Nitrogen^^^^ tpuys, the tempcraturcs of whiij 

range from -196°C. at the 
89 - 8 %| * to - 183° C. at the bottom. 

__ each of these temperatures, 

iiyg,ir^T£:^:^::^ the liquid and vapour are 

Fio. 106.-~Fractionating column for equilibrium, the liquid is richer 
liquid air. oxygen and the vajKJur is rid 

in nitrogen. Overflow pipes allow the liquid to trickle down fi 
each tray to the one below it, and the overflow from suci 
trays becomes progressively richer in oxygen going downwj 
Holes in the floor of each tray allow the vapour to rise to the ti 
above, and the vapour from each successive tray going upwards] 
richer in nitrogen. Boiling liquid air at - 193° C. enters the coli 


100% ^ Nitrogen 
> -196® 

97*5% 

Nitrogen 

-195® 

92-3% 

Nitrogen 

-194® t 

i 

86-5% 

Nitrogen 

A 

^ 

%^-193“ 

L . . . -- J. 



73*9% 

i' id 

Nitrogen , 

-191° C 

L 



600%l 

1 Nitrogen 

-189® 

44-S^ 

vv^==d 

1 Nitrogen 

c« 

1 Nitrogen 

-186® 

-183® 


i 800% 

Oxygen 


, Liquid .rr^ 

~ Oxygen : 


at the point A. From this, vapour containing 86'5 per cent, ni 
and 13'5 per cent, oxygen rises into B which is at - 194° C., 
liquid containing 63*6 per cent, nitrogen and 36*4 per cent, oxyi 
falls down to C, Pure gaseous nitrogen is withdrawn from the 
of the column, and pure liquid oxygen from the bottom. 
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QUESTIONS ON CHAPTER V 

, Poscribe how you would determine the relation between the 
jure and volume of (a) an unsaturated, (6) a saturated vapour, and 
clearly what results you would expect to obtain. 

Phroe identical barometer tubes are filled with mercury and inverted 
1 iheir lower ends dipping into a large dish of mercury and their 
PT* ends 90 cm. above its surface. The initial reading of all three 
ometers is 740 mm. A small quantity of volatile liquid is introduced 

0 tlie Torricellian vacuum of the second and it then reads 730 mm, 
pr more of the same liquid is introduced into the third so that some 

[lains unevaporated, and it reads 650 mm. If the atmospheric 
sun' increases by 10 mm., what will be the readings of the three 
’ometers? (B.) 

Explain in general terms the kinetic theory of liquids and gases, 

1 apply it to explain the phenomena of evaporation, boiling, saturated 

1 iiusaturated vapours, and the pressure of gases. (C.) 

J. What do you understand by the vapour pressure of a liquid, and 
^ would you measure its variation for temperatures between 0° C. 

1 100'^ C. ? How do you take account of vapour pressure in problems 
which both a gas and the vapour of a liquid are enclosed in the same 
lame? 

I diving boll is lowered into water until the level of the water inside 
,ves lialf the volume of the bell still unoccupied by water. The 
npcrature of tho bell and its surroundings may be taken as 20° C. 
oughout, and the mercury barometer at the surface of the water 
nds at 750 mm. Find the depth to which the bell has been lowered. 
[The vapour pressure of the water at 20° C. is 17 mm. and the density 
nercury is 13-6 gm. per c.c.] (C.S.) 

. How would you verify experimentally that the boiling point of a 
uid is that temperature at which its vapour pressure is equal to the 
nospheric pressure? 

\ small quantity of (a) water, (6) dry air, is introduced into the space 
bve tho mercury in a barometer. Discuss how the accuracy of the 
pometer is affected in each case. (0. & C.) 

Df'scribe an experiment to determine the vapour pressure of water 

( Explain how water can be made to boil at 90° C. and describe the 
crenco between the processes when water is boiling at 90° C. and 
it is merely evaporating at this temperature. (C.) 

What is meant by the vapour pressure of a liquid? Describe in 
Ipral terms, from the view-point of the kinetic theory, why you would 
cct tho temperature of a liquid to fall when it evaporates, and the 
our pressure to increase with temperature. 

^tiscribo an experiment by which you could investigate the variation 
^aponr pressure with temperature of a volatile liquid. (0. & C.) 
ate and explain the meaning of Dalton’s law of partial pressures, 
litre of air originally saturated with water vapour at 100° C. is 
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cooled to 60® C. while the total pressure is maintained unaltered 
100 cm. of mercury. What volume will it now occupy, if the saturai 
vapour pressure of water vapour at 60° C. is 9*2 cm. of mercury? (q' 

8. State Dalton’s Law of Partial Pressures. 

Show how the variation of the vapour pressure of a liquid 
temperature may be found by measuring at different temperatures t| 
volume of air contained in a tube closed at one end, the air bei 
enclosed by an index of the liquid. ( 

9. A vessel contains a mixture of gas and a vapour in contact 
excess of the liquid. How will the pressure in the vessel chaiiige 
the volume is changed at constant temperature, (6) if the temperat 
changes at constant volume ? 

A closed vessel contains a mixture of air and water vapour in bout 
with excess of water. The pressures in the vessel at 27® C. and 6 
are respectively 77*7 cm. and 98-1 cm. of mercury. If the va[ 
pressure of water at 27° C. is 2*7 cm. of mercury, what is the vaj. 
pressure at 00° C. ? (O. 

10. Wliat is meant by saturation vapour pressure? 

Some air is contained in a narrow tube between the closed end and] 
water index. The volume of the contained air is measured at varii 
temperatures. Show how, from these measurements, if the saturat 
vapour pressure at one temperature is known, it may be calculated 
the other temperatures. Point out any sources of error, and indi< 
any precautions you would take. 

11. Explain what is meant by the statement that the vapour pres? 
of ether at 20° C. is 44 cm. of mercury. 

A glass tube closed at one end is completely filled with mercury 
inverted in a bowl of mercury, so that the top of the tube is 32 cm. a' 
the level of the mercury in the bowl. Describe and explain what 
happen if a little ether is introduced into the tube, the tempcrati 
being 15° C. and the barometric height 76 cm. What will happen 
the temperature is gradually increased to 40° C. ? The boiling point 
ether is 35° C. (O &' 

12. The graph of p against 1/v obtained in an experiment to vci 
Boyle’s law was foimd to consist of an approximately straight 
through the origin joined to another approximately straight lir 
smaller slope for large p. What conclusions do you draw from t 
results, and what further experiments would you make to test y 
conclusions ? 

13. Explain the meaning of saiuration vapour pressure of water 

dew-point, ■“ 

Describe a method of determining the dew-point of the air in 
laboratory, and explain how the value is used in calculating the relal 
humidity. (»1 

14. Explain what is meant by the “ dew-point ”, and describe 
accurate method of determining its value. 

The saturated vapour pressure of water at 11-25° C. is 1 
mercury, the density of dry air at 76 cm. pressure and 25° C. 



227 


QUESTIONS 

1184 gm. cm.*, and the density of water vapour relative to that of 
at the same pressure and temperature is 0-624. Find the weight 
a litre of moist air at 25° C., if the barometer stands at 76 cm., and 
e dew-point is 11-26° C. (C.W.B.) 

15 . Describe in some detail how you would determine the relative 
jnidity of the air in a laboratory. 

Some air in a flask is saturated with water vapour. The pressure 
the mixture is 80-0 cm. of mercury at 10° C.- What will it be at 
C\ if the volume has remained unchanged and the air is still satu- 
,ed ? The saturation vapour pressure of water in cm. of mercury is 
9 at 10° C. and 9*2 at 50° C. (0.) 

16. Describe, with the aid of a diagram, some form of refrigerator 

d explain its action. (C.) 

17. Explain the physical principles underlying the working of any 

rm of domestic refrigerator. Give a sketch showing the essential 
atures of the apparatus. (L.) 

18. Explain the action of a refrigerator in which the cooling is 
oduced by evaporation. 

Vapour from alcohol boiling at 78° C. is passed into 50 gm. of alcohol 
20 ' C. contained in a copper calorimeter of mass 30 gm. What will 
the temperature of the calorimeter and its contents when 5 gm. of 
ipour have been added? [Sp. ht. of alcohol = 0-6 ; sp. ht. of copper 
01 ; latent heat of vaporization of alcohol = 205 cal. per gm.] 

(J.M.B.) 

19. Discuss the following : (a) A small drop of water will evaporate 
a space in which water vapour is in equilibrium with a plane surface. 

) Boiling by bumping. (J.M.B. , part question) 

20. Describe how you would show the effect on the boiling point of a 
uid of (a) change of pressure, (b) the addition of soluble matter to 
0 liquid. 

Describe one practical application of (a). 

How could you use a thermometer to test whether a boiling liquid is 
ire? (J.M.B.) 

21. What is meant by a cooling curve*t 

Describe how the melting point of a solid can be determined by the 
>ling curve method, and explain the shape of the curve obtained in 
ic experiment. (J.M.B . ) 

22. By considering the equilibrium of a liquid which has risen in a 
capillary tube, obtain a relation between the surface tension, the 

ipour pressure over a flat surface, and that over a curved surface 
■ic)S(! radius of curvature is r. 

Hence calculate the radius of a capillary tube from which water will 
't evaporate when the humidity is 99 per cent. [Surface tension of 
•ter= 80 dynes per cm.] (O.8.) 
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HEAT AND WORK 

The statement that heat is a form of energy, or is one of the mai 
forms in which energy can exist, scarcely requires demoiilstrati 
to a generation which has gro’wn up surrounded by inniiiperal)| 
applications of this idea. It has even been found expedient,! 
Chapter II of this book, to anticipate (or rather take for grant 
some of the points which are often delayed to this stage in the usdj 
sequence of presentation, simply because the use of electricj 
energy as a means of supplying heat is so generally understood i 
accepted nowadays. But the statement requires some explanatic 
since it can bear two quite different senses. First, it describes I 
experimental fact that the absorption of heat may produce . 
chanical work or some other means by which mechanical work 
ultimately be performed, and that the dissipation of mechanical a 
other forms of energy may liberate heat ; this forms the study n 
the present chapter. Secondly, it may be read as a statements 
to the nature of the heat possessed by a material body, which! 
believed (if we delve no further into the ultimate structure ( 
things than the molecule) to be the sum of the mechanical kiiiel 
energies of vibration, translation, or rotation, of the particles i) 
which it is composed. According to this, heat is simply a branchij 
mechanics, and the study of “ Heat ” as a separate subject is mere 
a matter of convenience because this particular kind of mechanic^ 
motion happens to affect our senses, and the instruments devise 
to aid our senses, in a particular way. 

Law of conservation of energy. The law of conservation ' 
energy, which states that the total energy of a closed syst 
remains constant, is used in elementary mechanics to solve artifici 
problems on frictionless machines, bodies falling freely in vac\ 
and so on. When it is applied to an actual simple machine of 3 
kind as the closed system, it is found that 

energy expended by effort = ii?ork done in raising load and moving 

+ 7vork done in overcoming friction, 

228 
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work done in overcoming friction generates heat, and the 
I done in raising the load supplies the load with potential 
gy. Hence the equation can be written 
nergy experided hy effort mechanical potential energy supplied 
to loady etc, + heat energy produced by friction, 
assumption being that the heat generated is exactly equivalent 
lie mechanical work used in its production. 

1 this kind of statement justified? Years of patient experiment 
needed to establish its validity, and to prove beyond all 
jible question that when mechanical work is completely converted 
heat, or heat is completely converted into mechanical work, for each 
of work that is converted into heat a definite quantity of heat is pro- 
, and for each unit of heat converted into work a definite quantity 
rork is furnished. 

'he statement in black type is known as the First Law of Thermo- 
amics. In symbols, if W units of work are converted into H 
\ of heat energy, ^ ^ 

ire J is a constant called the mechanical equivalent of heat, 
t was customary, on account of certain practical difficulties 
nected with the absolute values of electrical units, to distinguish 
^'cen the mechanical equivalent proper (symbol J) for the con- 
pion of mechanical energy directly into heat, and the electrical 
[ivalent (symbol J') used when W is energy measured electrically 
) p. 64)’“. The absolute mechanical unit of energy is the erg, and 
I joule is 10^ ergs. This is the absolute joule. The volt and the 
pere are so defined that the energy in joules dissipated by an 
trie current equals the product volts x amperes x seconds. But the 
ner practical standards of f.d. and current, the international volt 
international ampere, differ slightly from the true volt and true 
)ere of the definition. The standards themselves could be repro- 
ed, and measurements in terms of them made, with greater 
iraey than the true values of the standards themselves. Thus 
ther unit, the international joule, was introduced such that inter- 
volts X international amperes x seconds = international joules, 
Mnternational joule equals nearly 1-0002 absolute joules, 
prect determinations of J give the value in absolute joules per 

The international units were discarded on January 1, 1948 ; but the dis- 
iR, of course, still relevant to the historic electrical determinations here 
and to Birge’s figures. 
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calorie. Determinations of J' measure the value in intemat 
joules per calorie ; the result multiphed by 1*0002 gives j' j 
absolute joules per calorie. It can be seen that the values of J| 
absolute units and J' in international units stand independent! 
any later revaluation of the electrical standards, while the val 
of J' in absolute units is subject to revision of the factor 1*0( 
Early views as to the nature of heat. Many of the earlier exp 
menters believed that heat was a weightless, highly elastic, 
repellent fluid, indestructible and uncreatable. This fltaid tlu 
named caloric. The caloric theory offered a quite scientific < 
planation of the facts then knovn. Hot bodies emitted 
because the particles of caloric repelled one another strorij? 
Differences in specific heat w^ere due to the different attrac: 
powers of different substances for the fluid. Expansion occurr 
because the self-repellent fluid tended to increase the volume of a 
body in which it was lodged. Latent heat was supposed to enl 
into combination with the particles of the material ; thus icakr\ 
ice ^latent heat. If a simple theory of this kind served to explai 
all the observed facts, it W’as quite reasonable to look no fiirtherj 
But the generation of heat by percussion and by friction presenl 
difficulties. The theory stated that the rise in temperature 
block of lead when hammered was due to the extrusion of calo; 
under pressure, much as w^ater issues from a sponge w^hen it 
squeezed. The rise in temperature of two bodies when rublx 
together was due to the diminution of the bodies themselves,! 
the small particles rubbed off had a smaller power of attracl 
caloric, which w'as thereby freed — that is, the specific heat 
finely pow dered substance was less than that of the same subsi 
in one solid mass. No attempt seems to have been made to del 
this diminution of specific heat, and this argument could ] 
possibly explain the generation of heat by the churning of a liq 
Bumford in 1798 did a series of experiments in which heat^ 
generated by rotating a blunt cannon borer in a large 
gun-metal. He observed that a large quantity of heat (suffici 
to raise nearly 27 lb. of water from the freezing point to the 
point in one experiment) was evolved for the abrasion of a ' 
small quantity of metallic dust, and he found that the specific I 
of this dust was not appreciably different from that of the i 
material, which showed that the caloric theory was false oflt 
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ijit at least. Further, the supply of heat appeared to be in- 
laiif^tible, and it was clear that no closed system could supply 
limited amounts of any material substance. 

Ln published in 1799, Davy reported that rubbing two 

,cks of ice together, using a clockwork mechanism, caused the ice 
melt at the surfaces in contact. As it was well known that con- 
ieral)le latent heat is required to turn ice into water, and as no 
BPr ])()ssible source of heat was available, this experiment was 
led to demonstrate that heat was evolved here by mechanical 
n only — certainly not by reducing thermal capacity, since that 
le Avater formed is greater. Although this work has been 
ited for many years, it seems very doubtful if Davy, then 
nineteen years of age, did more than observe an effect due 
.)nduction (see Prof. E. N. da C. Andrade, Nature, March 9, 

). 

Mayer, in 1842, assuming the equivalence of heat and work, 
dated a value of J from the difference between the two principal 
ific heats of a gas. Before discussing this important result, 
3ver, it is best to consider the experimental evidence for the 
;ence of the equivalent, and to examine some of the important 
riments for its direct determination. 

PERIMENTAL DETERMINATION OF THE MECHANICAL 
EQUIVALENT OF HEAT 

)iile's experiments. Joule’s* w^ork on the equivalence of heat 
work can be divided into two periods. 

uring the first, from 1838 to 1843, he did a great variety of 
'riments to establish that such equivalence did in fact exist. 

43 he stated his conviction that whenever mechanical work is 
nt('d into heat, an equivalent quantity of heat is always obtained. 
later researches, from 1843 until 1878, were chiefly devoted to 
letermination of the value of this mechanical equivalent, 
ftc following brief descriptions of his two famous determinations 
hy the churning of water by paddles are taken from Preston’s 
amts. The first of these experiments (1847) was made with 

Joule by J. G. Crowther in “ British Scientists of the Nine- 
Century *’ gives an excellent summary of his life and work, and Preston’s 
Pory of Heat ” (3rd edition), pp. 289-297, describes two of his experiments 
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Fig. 106, — Joule’s 1847 apparatus. 


the apparatus shown in Fig. 106. The copper vessel (calorimeti 
AB contained a known mass of w^ater. The water-tight lid had a 
tubulure for the axis of the revolving paddle and another 
thermometer. The brass paddle had eight sets of revolving arm 
which worked between four sets of stationary vanes b fixed toj 
frame of the vessel, shown in the vertical and horizontal sections 
the calorimeter of Fig. 107, A cylinder of boxwood d preve 
conduction of heat along the axis of the paddle system. Kefer 
now to Fig, 106, the paddle was revolved by lead wei^ 

suspended by string from the i 
bby bb of the wooden pulleys 
These pulleys were supported | 
steel axles c, c on brass frids 
wheels d, d. The weights were s 
pended over the pulleys by fine 
which i¥as wound doubled on| 
central roller /, so that the 
passing over the puDeys left J 
roller at the same level and , 
duoed a steady couple round j 
axis. The roller could be deh 



Fig. 107. — ^Arrangemeiat of vanes 
in calorimeter. 
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m the paddle by withdrawing the pin p, so that the weights could be 
und up without turning the paddle. The wooden stool g was per- 
ated by a number of slits, so that the metal came into contact with 
j ^'ood at only a few points, while the air had free access round every 
of it. This reduced losses by conduction, and a large wooden 
eii intercepted radiation from the body of the experimenter, 
llie water equivalent of the calorimeter and the mass of water 
ained in it were known. The temperature of the calorimeter 
found, the weights were wound up by placing the roller / in the 
md h, and the roller was then pinned to the axis of the paddle. 
lg height of the weights above the ground was read from the 
iuated slips of wood h, k, and the roller then allbwed to revolve 
the weights reached the floor. The velocity of the weights on 
idling the ground was noted. The roller was then unpinned, 
e ^^'eights wound up again, and the fall repeated. After twenty 
ch falls, the final temperature of the thermometer was read. The 
3an temperature of the room at the beginning, middle, and end 
each experiment was found. Just before each experiment the 
ange of temperature of the calorimeter due to gain of heat from, 
loss of heat to, the surroundings was found, and this operation 
1 repeated immediately after the end of each experiment, 
[lori’cetion was made for the kinetic energy of the weights on 
idling the floor. After allowing for this, the work done by the 
lliiig weights represented the mechanical energy converted into 
at by friction. 

. the calculation, Joule worked in British units. Let M be the 
al water equivalent, in lb. of water, of the calorimeter and its 
titcnts, F. the initial temperature, and 6 ^ F. the final tempera- 
:o, both duly corrected for loss jor gain of heat due to the surround- 

i s. The heat evolved is thus Af (^2 - ^1) B.Th.U. Let W be the 
al weight in lb. wt. of the two leaden weights, h ft. the distance 
veiled in a single fall, corrected for the kinetic energy on reaching 
! ground by subtracting from the observed height the fall needed 
[give the weights this velocity, and n the number of falls. The 
k done is W,hn foot pounds. 

B.Th.U. of heat are given by Whn foot poimds of 
fcchanical work, 

1 B.Th.U. is given by — 2 ~v pounds 
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It must be remembered that as the acceleration of gravity is differej 
in different places, the absolute value of the foot poimd varies froi 
place to place. Joule’s result was that the number of foot pounj 
required to raise 1 lb. of water 1® F. is 773*64 in the latitude ( 
Manchester. 

Careful corrections for several sources of error were made. 
work done in rotating the pulleys and overcoming the rigidity ( 
the string was found, and allowance was made for the fact that tl 
motion of the paddles did not cease when the weights hit tt 
ground, as the elasticity of the strings caused a slight;\ “ over 
running 

The rise in temperature obtained was of the order of only halfi 
degree, but Joule used specially constructed thermometers whid 
he could read to a few thousandths of a degree. 



Fig. 108. — Joule’s 1878 apparatus. 
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In the second of the water-churning experiments, undertaken at 
rcqtiest of the British Association and completed in 1878, the 
ction balance principle was used. The general idea of this is that, 
stead of finding the force required to turn the paddles, the couple 
quiied to prevent rotation of the calorimeter is measured. Fig. 10& 
ows the apparatus, in which h is the calorimeter, upon the rim 
which two cords passing over pulleys j and carrying weights ir, k 
)ply a constant couple. The paddles are rotated by handwheels 
and c, and a fly wheel / steadies the rotation. The result obtained 
IS 773-3(>9 ft. lb. per B.Th.U. in the latitude of Manchester. 

Theory of the friction balance. The friction balance principle 
this and similar experiments is worth considering in more 

If a force F is applied tangentially to the rim of a wheel of radius 
]^"ig. 109, a, a couple of moment Fr is really acting, since there 
an equal reaction at the axle. Let this couple now turn the wheel 
trough an angle d radians. The applied force F moves through a 
ptance s-rd in its own direction ; the reaction does not move at all ; 
bee work done =^Fxs = Fxrd = Frxd, 




Fia. 109. 

(a) Single force applied (b) Two applied forces, 

tangentially, equivalent constituting couple Fd, 

to couple Fr» 

I there are two such forces, applied in opposite directions at 
•site ends of a diameter as in Fig. 109, 6, and in the apparatus of 
• 108, these forces themselves constitute the couple ; the arm of 
^ ^'ouple is the diameter of the wheel, d, the moment of the couple 
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is F X (Z, and the work done during a rotation 0 radians is FdxB; and, 
in general, the work done by a couple = moment of couple x angle 
turned through in radians. 

In the experiment, the applied forces F do not themselves move, 
the rotation of the paddles exerts a couple C on the contained water, 
and the work done by the paddle rotating through an angle 6 radians 
is thus Cd (Fig. 109, 6). 

But, considering the equilibrium of the calorimeter, which does 
not rotate, the couple applied by the forces F in the strings must , 
balance C, So, if d be the diameter of the groove about which F 
is applied (the arm of the couple), as this couple just balances C, 
C = Fd and the work done for a rotation of 6 radians is 

F d6 units. 

As one revolution is 2?? radians, in n revolutions of the paddle 
6-27Tn. Hence the work done in n revolutions of the paddle is 
27TnFd units. 

Only if C exactly equals Fd will the weights which apply the 
couple remain steady. If C exceeds Fd the weights will be wound 
up to their fullest extent ; if C is less than Fd they will fall to the full 
extent of the string. It is essential that the weights shall be 
maintained exactly at the same level throughout ; this is not 
difficult to arrange in a hand-operated apparatus using this principle. 

Howland's experiment. In 1879, Rowland repeated Joule’s 
second experiment on a larger scale, so as to obtain a much larger 
rise in temperature. The paddles were rotated by a steam engine, 
and the calorimeter with its friction balance w as suspended from a 
torsion wire. Mechanical rotation does not allow of the continuous 
fine adjustment needed to keep the w^eights at exactly the same level, 
but the difference C - Fd, or Fd - C, twists the torsion w ire, and from 
the observed twist of the wire this difference is obtained. 

Rowland found that the quantity of mechanical energy required 
to raise the temperature of 1 gm. of water through 1® C. varied witli 
the temperature, decreasing at first as the temperature rises, 
reaching a minimum at about 30® C., and then increasing. The 
explanation of this is, not that J itself varies, but that the specific 
heat of water varies with temperature, having a m inim um value 
at about 30° C. The results of Callendar and Barnes by an electrical 
method lead to a similar conclusion, though the exact temperature 
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of the m i nimu m specific heat was found by them to be 37*6® 0. 
(see p. 246). 

Determination of J by a simple friction balance method Heat is 
generated by friction between two metal (iron) cones, the inner of 
which, D, serves as the calorimeter (Fig. 110). This cone can be 
attached firmly at the centre of a large wooden disc A, round the 
circumference of which is a light cord carrying a suspended weight. 



w 

Fig. 1 10. — Simple friction balance apparatus. 

The outer (‘one is fixed by three ebonite centring screws (which 
serve as heat insulators) to tlie inside of a brass block which can be 
rotated In' a belt drive worked either by hand or by machinery. A 
u'volutioii counter attached to the axle carrying the brass block is 
desirable ; though a satisfactory substitute for this, if the block is 
rotated by a handwheel, is to find how many revolutions of the block 
correspond to one turn of the handwheel, and count the number of 
hand turns. 

Jt will be noted that the couple which prevents rotation of the 
inner cone is apparently provided by one force ; the other, as in 
Fig. lOi), a, is the rt'action passing through the axis of rotation. This 
is not entirely satisfactory, and the apparatus tends to rock a little. 

I'he tw o iron cones are weighed. The inner cone is then fastened 
securely to the w^ooden disc, and the outer cone centred in the brass 
block. The apparatus is assembled, tested to see that it will run 
properly, and suitable weight to hang on the string found by trial. 
A knowm mass of water is placed in the inner cone. For the purpose 
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of this experiment it suffices to run in 20 cc. or 25 cc. from a pipette, 
taking 1 c.c. as weighing 1 gm. After a minute or two, the water 
is stirred with the thermometer and the temperature taken. The 
handwheel is then turned steadily, the time of starting being noted, 
and the number of turns counted. It is essential to keep the 
position of the weight as steady as possible, and the speed of rotation 
has to be varied to secure this, A little practice makes this adjust- 
ment almost automatic. After about two hundred turns of the 
handwheel, rotation is stopped, the time noted, the water stirred, 
and the temperature taken. The apparatus is then left to cool for 
half the time occupied in the turning, and the temperature of the 
water at the end of this period is taken after stirring. 

Let W be the mass of water, 

w the mass of both iron cones, of specific heat s, 

C. the initial temperature, 

02° C. the temperature at the end of the turning, 

03 ° C. the temperature at the end of the cooling. 

Then (02 “ ^ 3 ) represents the average loss by cooling during 
the experiment (p. 56), the corrected final temperature is 
[02 -f (02 - 03 )] °C, and the rise in temperature is [02 + (02 ~ ^ 3 ) - 0i] °C. 
The heat evolved is thus (W + ws ) (202 ~ 03 - 0i) calories. 

Let m gm. be the mass of the suspended w eight, and r the radius 
{not diameter, as the arm of the couple is the radius) of the disc. 
The couple is then mr gm. wt. cm., or mgr dyne cm. 

Let n be the number of turns of the handwheel, and A the number 
of turns of the block corresponding to one turn of the w heel. The 
number of revolutions is then Aw, the total angle turned through is 
277 Aw radians, and the work done is ^TrXnmjgr ergs. 

Thus (W + ws) (202 - 03 0i) calories are furnished by the expendi- 

ture of 27rXnmjgr ergs, and 


1 calorie is equivalent to 


27rXnmgr 

(W +W8){2e^-e:,-ey) 


which is the required value of J. 

Results by this method always appear to be a little too high, since 
there is little opportunity for any of the measured work to be 
wasted, while it is less easy to correct completely for heat losses. 

Ck)nstancy of J. Preston gives a table of the results of forty-five 
separate experiments on the determination of J or J' made between 
the years 1842 and 1899 by a large number of independent experi- 
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mentors using a great variety of methods both direct and indirect. 
All the results^ with the exception of one or two early determinations, 
agree extremely closely. 

It is upon evidence of this kind that the First Law of Thermo- 
dynamics rests. The equivalence of heat and work is no mere 
speculation ; it has been established as the result of two whole 
generations of painstaking experimental investigation. 

Accurate evaluation of J or J'. While the determination of the 
electrical equivalent of heat, J\ by Callendar and Barnes described 
earlier (pp. 71-73) is recognised as being very accurate, experi- 
ments of greater precision have recently been made. R. T. Birge, 
who has for many years been engaged on a critical survey of the 
values of the chief physical constants, has taken three of these as 
the basis of his computation * of the best values for J and J'. 

These three experiments are : 

1. The determination of the electrical equivalent J' by Jaeger and 

Steinw'ehr (1921). 

2. The direct determination of the mechanical equivalent J by Laby 

and Hercus (1929). 

3. The determination of the electrical equivalent J' by Osborne, 

Stimson, and Ginnings (1939). 

The values adopted by Birge for the equivalents are : 

For the electrical equivalent J\ 4*1847 ± 0-0003 international joules 
per 15° calorie. 

For the mechanical equivalent J, 4*1855 ± 0*0004 absolute joules per 
15° calorie. 

(The factor converting international joules to absolute joules is 
1*(K)020 ± 0*00004.) 

Jaeger and Steinwehr's experiment. These workers used an 
ordinary calorimetric method, measuring the rise in temperature of 
a large mass of water (50 kgm.) contained in a thin-waUed copper 
calorimeter. The temperature rise obtained was small, about 
1*4°. The w ater w as thoroughly stirred by a system of electrically 
driven paddles, and the calorimeter was surrounded by an air space, 
and enclosed in a double- walled metal box, the space between the 
walls of which contained water at a constant temperature. The 
current in the electric heating coil was measured by finding the 
potential drop across a standard 0*1 ohm resistance in series wdth 
* Physical Society’s Reports on Progress in Physics, 1941. 



240 


A TEXT-BOOK OF HEAT 


it, and the potential drop across the electric heater was determined. 
A Weston cell was used as the standard of e.m.f. The time during 
which the current passed was recorded on a chronograph. The 
temperature was measured by a platinum resistance thermometer. 
The accuracy of the whole experiment is within a few parts in ten 
thousand. 

Experiment of Laby and Hercus. Laby and Hercus used what they 
termed an “ induction dynamometer method. The apparatus is 
similar in principle to the squirrel cage induction motor, except that 
(a) the rotating field is produced by actually rotating an electro- 
magnet instead of by phase difference, and (6) the armature \ is 
prevented from rotating by the application of a steady couple. 
Work which would have gone chiefly in rotating the armature 
against a load in an actual motor is thus entirely converted into 
heat, by the eddy currents induced in its conductors ; these are in 
the form of hollow copper tubes through which water flows, so that 
the heat produced is measured by the method of continuous flow. 

A general view of the apparatus is given in Fig. 111. The 

rotor is a case containing an electromagnet energised by a steady 
current ; it is supported on ball races, and is rotated steadily about 


s 




Torsion wirw 


Leads to 

r esistance 
thermometer 



StaUoy 

stampings 


Plan of portion of 
Calorimeter 


Bstt drioe from motor 
Fig. 111. — ^Apparatus of Laby and Hercus. 
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a vertical axis by means of a 1 h.p. 100 volt direct-current motor 
driven from a battery of fresh accumulators. * The electromagnet is 
carefully aligned so that the axis of rotation is exactly parallel to the 
axis of the “ stator ”, and so that there is no component of motion 
in the direction of this axis at all. The stator is also mounted 
on a ball race, and is at the same time suspended from a torsion wire. 
The calorimeter in the stator is a vacuum vessel containing fourteen 
vertical copper tubes mounted in an armature of stalloy stampings ; 
a steady stream of water flows through these tubes at such a rate 
that the flow shall be turbulent, and the inlet and outflow tempera- 
tures are observed by means of platinum resistance thermometers 
so connected as to record the difference with high accuracy. The 
fundamental interval indication of each thermometer was checked 
several times during the long period occupied by this set of experi- 
ments, and these were foimd constant to 6 parts in 100,000. The 
thermometers themselves were surrounded by special silvered vacuum 
jackets. The couple which prevents rotation of the stator is 
provided by two w^eights (one only is shown in the figure) hanging 
over pulleys with agate knife-edge bearings from fine tungsten wires 
of 0*0127 cm. diameter which are applied to the edge of an 
aluminium torsion wheel 20*001 cm. in diameter. The principle on 
which the mechanical w'ork done is measured is exactly the same 
as that of the friction balance explained on p. 235. A small mirror 
on the stator reflects a beam of light on to a scale, so that the 
steadiness of the stator can be observed. 

Great attention was paid to the attainment of perfect steadiness 
of all the conditions. I'he speed of the motor was controlled by a 
centrifugal governor and also by a hand regulator, and its steadiness 
M\as ascertained by a stroboscopic method. Special brushes were 
designed to eliminate variations in speed due to changes in contact 
resistance. Heat losses to the room were made extremely small by 
the expedient of regulating the room temperature by electric 
heaters placed about it so that the room temperature was always 
that of the mouth of the vacuum flask. 

In an experiment, a steadying run of 1 hour preceded the taking 
of any readings. When the inflow and outflow temperatures 
C. and C. of the water were steady, the mass of water flowing 
through the calorimeter during a measured number of revolutions 
of the rotor was found. Then, if m be the sum of the masses of the 
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two weights hung on the wires, n the number of turns of the rotor, 

the diameter of the wheel at room temperature ®,/a factor (very 
nearly unity) to allow for imperfect centring of the pulleys, the work 

done is , . 

TTumg dgf ergs. 

If IT is the mass of water collected, L the heat lost to the sur- 
roundings through the sides of the vacuum flask (a very small 
correction, of the order 0*001 to 0*003 per cent.), the heat produced is 
[ir(^2 ~ cfi^lories, where a small correction, v, makes allow- 

ance for the heating of the water by its turbulent motion thrtmgh 
the fine tubes. The value of v, about 0*0016® C., though smal^, is 
about 1/3000 of the rise in temperature observed during a iijun. 
Thus Tmmg dQf=J[W {8^ -8^-v)-}-L] 

"S’ P*' 

The value of m was 1000 gm., and in an ordinary run, with 
w = 15000 turns, about 4000 gm. of water was collected, and the 
steady temperature rise was about 5*4® C. 

The result for J finally accepted by Laby and Hercus was 
J =4*1852 ± 0*0008 absolute joules, per 15® calorie. 

Experiment of Osborne, Stimson, and Ginnings. A quantity of 
water substance, part liquid and part vapour, is enclosed in a metal 
calorimeter shell. An electric heater immersed in the water pro- 
vides means of adding a measured quantity of energy to the calori- 
meter and its contents. The calorimeter is surrounded by a vacuum 
jacket, and this in turn is surrounded by a bath of saturated water 
vapour the temperature of which is kept very close to that of the 
calorimeter, so that heat losses are very small ; these heat losses are 
measured and taken into account. 

Fig. 112 represents the scheme of the apparatus. The calorimeter 
<7 is a copper globe of about 1200 c.c. capacity, fitted with an electric 
heater H and a circulating pump P. The calorimeter is supported 
within an evacuated space F, which is surrounded by a bath B 
of saturated water vapour, to which heat is supplied by the heater 
E, The temperature of B is elegantly controlled by adjusting the 
pressure within it, since this (p. 179) determines the temperature 
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of water vapour in equilibrium with liquid water. The sample 
of water is introduced from the container F into the calorimeter 
as described below ; vacuum-pump connections with taps at 
X and Y enable the calorimeter and the tubing to be evacuated 
when necessary. A large copper reference block E, to which is 
attached a platinum resistance thermometer, provides a temperature 
datum Hne for the apparatus ; this is surrounded by an extension of 
the steam and vacuum shells. A number of auxiliary thermo- 
couples are used to determine the temperatures of various points 
on the calorimeter and its surroundings with reference to this block, 
by having one junction of each thermocouple on the block. Eight 
thermocouples are used to find the temperature at different points 
of the calorimeter. Eight more are used to measure the tempera- 
ture of the inner surface of the vapour bath, so that the very shght 
difference between the calorimeter and the surroundings is known 
and the resulting heat leak allowed for. The temperature of the 
vapour bath itself is regulated automatically by adjusting the 
pressure by a suitable thermostat arrangement. The figure shows 
the complete apparatus. The vessel K, which could be surrounded 


Vacuum 
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by a bath of liquid air, was employed in another set of experiments, 
to determine the latent heat of vaporisation of water in joules per 
gram, the vapour generated by a known energy input being collected 
as ice for weighing. 

In the course of an experiment, pure air-free water is transferred 
from a still to the previously evacuated and weighed container, 
which is then weighed and attached to the apparatus. The calori- 
meter and connecting tubing are then evacuated, the tap T opened, 
and the water allowed to run into the calorimeter. A little water is 
left behind in the container and the connecting tubes ; that ini the 
container is allowed for by weighing the container again, while that 
in the tubing is dealt with by pumping the tubing out throu^ a 
liquid air trap ; this collects the water vapour as ice, the mass of 
which is found. In this way the mass of water transferred to the 
calorimeter is accurately determined : as a check, the water is 
pumped out at the end of the experiment and weighed again. 

A measured quantity of energy is supplied to the calorimeter and 
its contents by means of the heater //, which is connected to a battery 
of storage ceils of laige current capacity. It is arranged to give a 
rise of temperature of the order of about 0-5° C. per minute, and in 
each experiment the aim was to obtain a nearly integral number of 
degrees rise in temperature (say, from 30® C. to 35® C.) in a whole 
number of minutes. This was, of course, never precisely attained ; 
and the j3cint of it was to enable the range of temperature over 
which the experiment was done to be spt‘cified, for uhich purpose 
29-995® C. to 35-002® C. is nearly enough “ the range from 30® C. 
to 35° C.” The current through the heater, and the potential 
difference across it, are measured by a potentiometer in the usual 
way, the former by finding the j)otential drop across a standard 
0-1 ohm resistance in series with the heater. Standard saturated 
cadmium cells of e.m.f. 1-01762 volts ^^eve taken as the standards 
of voltage. In computing the energy .supplied, allowance is made 
for the mechanical energj’^ supplied by the c irculating pump, about 
0*2 joules per minute. 

At the end of the chosen time, the current is switched off. An 
interval of about three minutes is alloM-ed, and then the calorimeter 
temperature is found. The temperature of the platinum thermo- 
meter in the reference block is found to 0-0001° C. by the use of a 
suitable bridge, and the temperature difference between the vaiious 
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parts of the calorimeter, etc., and this block found by measuring 
the B.M.F.s of the thermocouples. 

The heat capacity of the calorimeter was not determined separ- 
ately, but was eliminated by doing two sets of experiments over 
the same temperature range, one with a large mass of water in the 
calorimeter and the other with a very much smaller quantity. As 
the temperature range is the same, the difference between the two 
quantities of energy supplied is used in heating a quantity of water 
the mass of which is the difference between the larger and smaller ' 
masses employed. 

The heat supplied to the water in the calorimeter is really used 
in three ways : (i) raising the temperature of the water ; (ii) pro- 
ducing more water vapour as the temperature rises, and (iii) raising 
the temperature of the saturated vapour in the space above the 
water. The heat used in (ii) and (iii) is very small, and the small 
correction involved can be calculated. 

Thus there are knowm with high accuracy (a) the mass of water, 
{b) the rise in temperature, and (c) the energy supplied, from which 
the number of joules required to raise the temperature of one gram 
of water one centigrade degree is found. At 15° C. this is 4*1858 
absolute joules, so the result obtained for J' is 4*1858 absolute joules 
per 15° calorie. 

The Callendar and Barnes experiment. Until recently, the 
Callendar and Barnes experiment was considered outstanding for 
its accuracy, to which it was said the continuous-flow method contri- 
buted greatly. It is at first surprising to find this experiment 
omitted from Birge’s list ; but there appears to have been some 
uncertainty about the elimination of heat losses, and Callendar’s 
final estimation of its accuracy was within about 1 part in 4000, 
which just falls short of being quite comparable in accuracy with 
the three later determinations. 

As to continuous-flow calorimetry, the truth seems to be that with 
modern equipment and technique, ordinary rise-of-temperature 
calorimetry is capable of giving results as good as, or better than, 
this meth^. Tw^o of the three experiments quoted here used the 
temperature- rise method ; while Laby and Hercus, who used the 
continuous-flow method, state explicitly that they chose this for 
its convenience with their particular apparatus and not because it 
possessed any particular advantages in itself. 
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Vaxiation of the specific heat of water with temperature. The ex- 
periments of Jaeger and] Steinwehr and of Osborne, Stimson, and 
Ginnings were conducted at many different temperatures, and 
enabled the number of joules required to raise one gram of water 
one centigrade degree at different temperatures (that is, the specific 
heat of water in joules per gram per 1° C.) to be calculated. The 
results are compared with those of Callendar and Barnes on the 
graph accompanying, which also shows the result of Laby and 
Hercus at 15° C. and that of Rowland at 20° C. / 



Variation of specific heat of water with temperature (®C.) according 
to different observers. Rowland’s result at 20° C., and that of Laby 
and Hercus at 15' C., are also showm. 


GAS LAWS AND WORK 

External work done by an expanding gas. Consider unit mass (one 
mole) of any gas enclosed in a cylinder (Fig. 113) fitted with a 
frictionless piston of cross-sectional area A sq. cm. The volume of 
the gas is V c.c. at pressure p dynes per sq. cm. 

Let the gas expand, moving the piston out a distance dx. The 
change in volume dV is A dx. Now the force exerted by the j 
on the piston is pA dynes, so 

work done by gas ^pA dx ergs. 

But Adx^dV. 

work done by gas=pdF ergs. 

Work done in this way, against an external resistance when a ^ 
expands, is said to be external work. 
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Fig. 113. — ^Work done by expanding gas. 


If the volume of the gas is reduced by an amount d!F, 
work done by gas== -pdV ergs, 

)r work done on gas dF ergs. 

This is for a small expansion by a small element of volume. For 
i finite expansion from initial conditions F^ to final conditions 
^ 2 , Fg, the external work done by the gas is 

CVt 

I pdF ergs. 
jFi 

Isothermal change for perfect gas. For a finite expansion 
from Pi, Fx to pg, Fg at constant temperature, Boyle's Law is obeyed, 
so for all values of p and F, pF = ib, where A is a constant, and 

v-kiv. 


Hence, work done =f *^dF==Af - 
iv^y J Vi 


=A(lnF2-lnFi) 

/F, 


Three alternative expressions can be substituted for the constant k 
in this expression. If T be the absolute temperature on the ideal gas 
scale and R the gas constant for one mole of gas, 

^F ^RT =A, 

also 

Hence, work done by gas is 

(i) i2rin -|^^ ergs, or (2) piFjln^- ergs, or (3) pgFgln^ ergs. 
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p V 

As therefore ^ = 

hence three more expressions are available : 

(la) J?Tln “ ergs, or (2a) p^Filn^ergs, or (3a) 

Expressions 1 and la must be multiplied by n to apply to n moles 
of gas, while the other expressions need no modification if the p's 
and Vs apply to the given mass taken. 

The foregoing expressions apply to isothermal expansions, jbut 
the original equation, \ 

external work=^ 1 pdV ergs, 

Jr, 

always enables the external work to be calculated, whether the 
expansion takes place under simple conditions or not. 



V, D C V. 

Volume 
Fig. 114. 


Consider the graph of p against V for any change (Fig. 114). 
Let the pressure at some point such eus A he p \ let the volume 
increase by dF to the point B, The area of the strip ABCD is 
pdV, so this area represents the external work done by the gas durinj^ 
the small expansion. The whole area LMK^P between the curve 
and the axis of F from F^ to Fg thuj^ represents the external work 
done by the gas in expanding from F^ to Fg. Such a graph is called 
a work diagram, or an indicator diagram. 

In the isothermal case, the energy to provide the external work 
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must obviously be suppKed as heat from outside. There is another 
important particular case, in which the gas expands in an insulating 
cylinder so that no heat enters or leaves. Then the heat energy of 
the gas itself must be drawn upon to furnish the external work, and 
its temperature falls. Similarly, if the gas is compressed so that no 
lieat enters or leaves, the external work done on the gas is converted 
into heat which cannot escape and the temperature rises. Such 
changes are called adiabatic expansions and adiabatic compressions ; 
tliey will be discussed more fully later. 

Real gases. Internal work. Van der Waals’ equation supposes 
that in an actual gas the molecules attract one another appreciably. 
I'hen, if the volume of the gas increases, work is done by the gas 
in separating the molecules against these attractive forces. This 
is called internal work, and just as we say that the work done in raising 
a weight vertically (or separating the weight and the earth against 
the gravitational attraction between them) supplies potential energy 
to tht weight-earth system, we can say that this internal work 
increases the potential energy of the molecules, or the internal 
potential energy of the gas as a whole. In Van der Waals’ equation, 
the effect of the attractions is supposed equivalent to a pressure 

a r^. Substituting this for 9 in the expression f pdV, the internal 

' J r, 

work done by unit mass of a real gas on expanding from to Fg 
should be 


a 

Jr, IP 


dF, or 



Law of conservation of energy. The law of conservation of energy 
can now be applied to the expansion of a gas. 

^Suppose a small quantity dQ of heat energy is supplied to unit 
mass of gas. Let the resulting increase in the internal kinetic 
energy of the molecules (or the increase in the heat content of the 
gas) be dE, the internal work done against molecular attractions 
jr the gain in internal potential energy) be d/, and the external 
^'oik performed bv the gas in- pushing back an external constraint 
er expanding against an externally applied pressure he dW , By a 
fairly general convention the symbol U is used for the total internal 
eiKTgy, the sum of the potential and kinetic energies of the mole- 
cules, so dV »dE^dI. It seems more instructive here to record 

N.IL B 
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e2/ as a separate item, instead of working in terms of as one of 
the chief points discussed in the succeeding sections is whether or 
not dl can be detected separately. 

Then, applying the law of conservation of energy, 

dQ=dU + dW ^dE + dl + dW, 

all quantities being measured in the same units, either all in work 
units (ergs or joules) or all in calories. 

For a perfect gas, since there is no attraction between the mole- 
cules, d/ = 0 ; this statement is sometimes called Joule's Lawl 

The two chief specific heats of a gas. Consider unit mass of a 
perfect gas, for which d/=0. Initially, let its pressure be p, its 
volume F, and its absolute temperature T. 

Let be the specific heat at constant volume, and (7^ the specific 
heat at constant pressure. 

Let the temperature be raised from T to T + d'f, the volume 
being kept constant. No external work is done, so dJF =0. The 
heat put in is C^dT, so as d/=0 and dW =0, from the equation 
dQ=dE -\-dW + dlf 

C^dT = dE. 

Again, let the temperature be raised from T to T+dT, the 
pressure being kept constant. The volume V then increases to 
V + dVf and external work dW =p dV ergs dVjJ calories is done. 

The heat put in is Cp dT, and as dQ-dE+dW, 

Cj,dT^dE-\-dW, 

But dE is the same as in the first case, dT, 
so C^dT^C^dT-\-dW, 

or (Cp - C^) dT =dTF, the units being calories on both sides. 

Now dW dV ergs —pdVjJ cal. 

As pV ==RT, pdV = R dT for a constant pressure expansion 



RdT , 
— — cal. 


or 


(Cp - Cp) dT dTy units being calories on both sides. 





Mayer, in 1842, calculated the value of J using this equation. 
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Not© th© assumptions that hav© b©©ii mad© in deriving it. These 
are : 

1. That the law of conservation of energy, dQ=^dE + dW 
holds. 

2. That there is no internal work done, so 

3. That the equation of state of the gas is pF = RT. 

Internal work done when a real gas expands. If a fixed mass of 
eras is made to expand in such a way as to do no external work, it 
jihould be possible to detect the effect 
of internal work, since, if internal work 
is done, the onty source available to 
iiirnish internal potential energy is the 
internal kinetic energy, which is thus 
reduced, so that cooling should result. 

1 n 1 845 Joule carried out an experiment 
to look for thus work. Two copper vessels 
A and B (Fig. 115) were connected by a 

pipe fitted with a stopcock C. The vessel A contained dry air at 
22 atmospheres pressure, while B w^as exhausted. Both vessels were 
placed in a water bath, the temperature of which could be read to 
1 200° F. The temperature of the water was noted, and the 
stopcock opened. Air passed from A to B until the pressures in 
each vessel w^ere the same. The w^ater was stirred, and the tempera- 
ture taken ; no fall in temperature w^as observed. 

Considering the expansion more closely, the first small quantity 
of air emerging from A expands into a vacuum, and so really does 
do no external w ork. But after this, the rest of the air does external 
work in compressing the air in B. The vessel A should thus in any 
event cool. But the air which first reaches B is compressed by 
that which follows it in, so that external work is done onB ; B should 
therefore rise in temperature. As the external work done by the gas 
in equals the external work done on the gas in B, the heat loss in 
A equals the heat developed in B, Joule performed a second experi- 
ment with the same tw'o vessels immersed in separate water baths, 
and observed that this apparently happened, no cooling of the whole 
gas attributable to internal work being detected. 

In view of the large heat capacity of the apparatus and the small 
niass of air employed, it is not surprising that Joule failed to detect 
internal work effect. The experiment really shows, not that 
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no internal work is done when a gas expands, but that any internal 
work done must be very small. 

A different type of experiment was done by Joule and William 
Thomson (Lord Kelvin). In this, a stream of the gas under 
examination was allowed to expand freely through a porous plug 
of cotton wool or silk fibres. This expansion, of course, does 
external work ; but (if Boyle’s Law is obeyed), this external work 
is not done at the expense of the internal energy of the gas, since 
it is supplied by the compressor which maintains the contihuous 
stream of gas through the apparatus. The porous plug ensures that 
tho gas issues turbulently ; since, if it streamed through a ^gle 
jet, energy would be used in supplying kinetic energy to the jit as 
a whole. 


The gas was passed slowly and uniformly through a long copper 



Pig. 116 . — ^Porous-plug expenmexit. 


spiral immersed in a stirred water 
bath kept at uniform tempera- 
ture. At the top of the copper 
tube a boxwood tube (56, Fig. 116) 
was fixed, and this tube contained 
a plug of cotton wool or silk fibres 
between two perforated brass 
plates. Outside the tube was an 
insulating belt of cotton wool d, 
A thermometer bulb was placed 
with its bulb just above the plug, 
and this was surrounded by the 
glass tube. 

The results may be summarised 
as follows : 

1. All gases show a change in 
temperature on passing through 
the plug. This is called the J oule- 
Kelvin (or Joule-Thomson) effect. 

2. This change in temperature 
is proportional to the difference 
between the pressures on the two 
sides of the plug. 

3. At ordinary temperatures, 
all the gases examined, except 
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lydrogen, showed a cooling. Hydrogen showed a rise in tempera- 
ure. The mean values between 0® C. and 100® C. for the tempera- 
ure change for 1 atmosphere pressure difference are : 


Nitrogen 

0-249° 

cooling 

Oxygen 

0-253° 

cooling 

Air 

0-208° 

cooling 

Carbon dioxide 

1-005° 

cooling 

Hydrogen 

0-039° 

rise in temp. 


Later experiments showed that : 

4. For every gas there is an inversion temperature. If initially 
ibove this temperature, the temperature of the gas rises on passing 
hrongh the plug. Below this temperature, the temperature of the 
jas falls on passing through the plug. The inversion temperature 
or hydrogen is about 190° K., and for helium about 30° K. For 
:hp other common gases it is well above ordinary temperatures. 
Explanation of results. If the gas obeys Boyle's Law, there is no 
3 xternal work done by a free expansion. But if the gas does not 
Dbey Boyle's Law% there will be external work as well as internal 
^\ork done. Suppose for a moment that the temperature on both 
sides of the j)lug is maintained constant (making Boyle's Law 
relevant ) b}" suitably supplying or removing heat. 

Consider a fixed mass of gas at the high pressure ; let its volume 
be The external work done on the gas in passing it through the 
plug at constant pressure p^ is jh f i ; let the volume be F 2 on passing 
tlirough the plug, and the pressure (atmospheric) be pg- The work 
done by the gas in pushing back the atmosphere is thus p^V^. If 
Boyle's Law is obeyed, p>i\\ =^ 2 ^ 2 * external work is done. 

But a real gas only obeys Boyle’s Law^ closely at its Boyle tempera- 
ture. Abo’v'e the Boyle temperature, pV is greater at high pressures 
Ilian at low pressures, and PiV^ is greater than p^V^. Below the 
Bo\le temperature is less at moderately high pressures than at 
low pressures, and PiTj is less than 2 - 
If the temperature is above the Boyle temperature, then PiV ^ is 
greater than 2 ^ w’ork done on the gas by the compressor 

exceeds that done by the gas on the atmosphere, the internal energy 
of the* gas is increased, and heat must be removed to keep the 
temperature constant, or, if this is not done, a rise in temperature 
roKuits. 
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If the temperature is below the Boyle temperature, then PxV^ in 
less thanp 2 l^ 2 » external work done by the gas is greater than that 
done on the gas, and the internal energy of the gas is drawn upon ; 
heat must be supplied from without if the temperature is to remain 
constant, and, if this is not done, there is a fall in temperature. 

Thus the sign of the external work contribution to the observed 
effect depends on whether the gas is initially above or below its 
Boyle temperature. At ordinary temperatures the cooling is the 
sum of the external work and internal work coolings foij most 
gases. While for hydrogen (and helium) the heating is the 
difference between the external work heating and the internal work 
cooling. > 

Left at this stage, the chief theoretical question seems still 
unanswered. There still seems no clear proof of molecular attraction 
since (a) cooling does not invariably occur, and {b) much of the 
cooling usually observed is attributable in the first instance to 
another cause, eodemal work due to the deviation of the gas from 
perfect-gas behaviour (though this in itself is supposed partly due to 
attractions). But it is easy to calculate the external work effect on 
its own and compare this with the observed Joule-Kelvin effect. 
From Amagat's results for the variation of pV with p for nitrogen 
and hydrogen,* the average value of PtV^-PiVx for one atmos- 
phere pressure difference can be found and this, converted into 
calories and divided by Cp, gives the temperature change for a 
pressure difference of one atmosphere. It appears that the external 
work cooling per atmosphere for nitrogen at 17*7® C. should be 
about 0-08®, and the heating for hydrogen about 0*05®. As the 
observed temperature changes are - 0*249® and + 0*039®, the true 
internal work coolings are about (0*249 - 0*08) =0*169® for nitrogen 
and (0*05 - 0*039) =0*011® for hydrogen. 

Application of Van der Waals’ equation. It should be possible 
to explain the whole of the observations of the Joule-Kelvin effect 
in terms of the equation of state of a real gas.f 

Consider one mole of a real gas, and suppose that the temperature 
is maintained constant on both sides o7 the plug. The same 
symbols as before are used throughout. 

♦ See Preston, “ Theory of Heat ”, pp, 466, 467. 

t The following treatment is taken from Roberta’ “ Heat and Thermo* 
dynamics ”, Chapter 6. 
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The Van der Waals’ equation assumes that there is molecular 
attraction causing an effective internal pressure o/F*. 

The external work done by the gas on passing through the plug is 

-Pi Vi ergs. 

The internal work is 

f^* o ,t7 / « 

The total work done by the gas is 




a 

+ ^ergs. 


Now, Van der Waals’ equation (p + ( F - 6) = RT when 

expanded becomes pV + RT. 


Neglect the product ab as a small quantity of the second order, and 
in the first order term ajV substitute the approximate value pjRT 
for 1/F, so that the approximate form of Van der Waals’ equation 

becomes an 

pV = ItT-f^ + bp. 


Hence PxV^ = ET -^^ + bp„ p,V, = RT -^f + bp^ 


and the external work P 2 V 2 Vj = 


( a 

\RT ' 


')(Fi-F2)- 


Again, substituting pjRT for 1/F in the two small terms ajV^ 
and a/Fj, ajV^^p^RT and ajVi=^PilRTi 


a 

V: 

I Hence the total work done is 

- ^') iPl -P2) + -P2) = (^ - 0 (Pi -Pi"> 

As pj is always greater than P 2 > first bracket determines the 
[ sign of this work. 

If -|“>6, or T < ^ > work is done by the gas, and hence 
jtil Mb 

I to maintain isothermal conditions heat must be supplied ; in the 


) RT^^^ 


[ SO the internal work 


\ F, 
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actnal porous plug experiment this heat is not forthcoming, and 
the temperature of the gas falls. 

If <6, or ^ ^ > work is done on the gas. Heat must 

be removed to keep the temperature constant ; if it is not removed, 
the temperature of the gas rises. 

The value clearly gives the inversion temperature of the 

gas, which we will call T,-. 

According to Van der Waals’ equation, the critical tempelpature 
m 1 8a -u- Tf 2a 8a 27 ^ 

r. 2,5,. H»n'>’5r-55-2^-4 -6-7». 

T 

Experimentally, according to Ruhemann, the value of ~ is 

c 

actually about 5-8 for all gases. 

The inversion temperature of the Joule-Kelvin effect must not 
be confused with the Boyle temperature. At the Boyle temperature, 
the second virial coefficient is equal to zero. Van der Waals’ 

equation (see p, 170), gives for the expression B^ = (b- and ’ 


the Boyle temperature at which J5^=0 is thus 


Hence 


T^~Rb'Rb 


a 

Rb' 


Thermodynamical reasoning beyond the scope of this book (see 
Birtwistle’s “ Principles of Thermodynamics ”) leads to the following 
expression for the fall in temperature per unit pressure difference, 
which may be written dTJdp, for constant internal energy : 


dp 


ip-c,r\dT)^ ‘r 


where is the specific heat at constant pressure, and 
rate of change of V with T when p is constant. 

For a perfect gas, 



is the 


T 


©. r® . - F-O, and b 



INVERSION CURVE 


257 


For a real gas, T - F is not zero, and from a knowledge of 

dT 

its value, obtained by finding ^ for the Joule-Kelvin effect, the 

degree of departure from perfect-gas behaviour can be ascertained 
and the correction which should be applied to a gas thermometer 
employing that gas can be found. 

At the temperature of inversion, as ^ = 0, T - F =^0. 

This leads to further interesting results for a gas obeying Van 
der Waals’ equation. 

Using the reduced form of Van der Waals’ equation, 

^ +^)(3F^-1)=8T,., the values of and Vr are sub- 

VrJ ^ \(IJ-T/Pr 

stituted in the equation T 




The corresponding values of and satisfying this condition 
all lie on a smooth curve which is more or less as shown in the figure, 
and should apply to all gases. It is called the inversion curve. 

dT 

For values of Pr and Tj. within the curve, j- is positive, and there 

dT . 

is cooling. For values of Pr and T^ outside the curve, is 


negative, and there is heating. 
It can be seen that at any 
given pressure less than the 
extreme value {pr about 13) 
there are Uvo inversion tem- 
j eratures. One is the “ or- 
dinary ” inversion temperature 
at which the heating effect 
gives place to cooling, and 
the other a much lower tem- 
}:eraturc T;, at which cooling 
gives place again to heating. 
According to Birtwistle, the 
ratio TijTj should be 9 for a 
gas following Van der Waals’ 
equation. 



Fto. 116(a). — “Inversion curve” for 
Joule- Keli’in effect, plotted in terms of 
“ reduced ” pressure and temperature. 
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When a gas is expanded or compressed in such a way that no heat 
enters or leaves the gas, the change is said to be adiabatic. If the 
gas expands, doing external work, the internal energy of the gas is 
diminished by an amount exactly equal to the amount of external 
work done, and the temperature falls. Similarly, if external work 
is done on the gas by compressing it, the internal energy is increased 
and the temperature rises. . i 

The kinetic theory enables us to picture how this happens. 
When a molecule strikes a surface, the velocity relative m the 
surface in a direction normal to the surface is reversed in sense' but 
unaltered in size. If the velocity normal to the surface be u, and 
the surface is at rest, the rebound velocity in this direction is w. If 
the surface is receding vdth velocity v, the rebound velocity is 
u - 2Vy while if the surface is approaching with velocity v, the rebound 
velocity is u + 2v. Imagine the gas to be in a cylinder closed by a 
piston. If the piston move out so that the gas expands, every 
molecule striking the piston during the motion rebounds with 
reduced velocity, so the average kinetic energy of the gas is lowered 
and the temperature falls. Similarly, if the piston move in so 
that the gas is compressed, every molecule striking it during the 
motion rebounds with increased velocity ; hence the average 
kinetic energy is raised, and the temperature rises. 

When a perfect gas undergoes adiabatic change, the equation 
pV ~BTj which is always true under all possible conditions, must 
of course hold. But, as T is changing as well as p and F, it must 
not be expected that Boyle’s Law, which only holds for constant 
temperature conditions, can be applied. The first step is to deduce 
the relation between p and F for a perfect gas undergoing adiabatic 
change. 

Consider unit mass of gas. The equation of the first law of 
thermodynamics gives, in general, 

dQ=^dE + dl 4-dlF. 

For a perfect gas, dl = 0, and, since no heatls supplied or removed, 
dE+dW=^0. 

Suppose the volume changes from F to F + dF at constant 
pressure p, the temperature consequently falling from T to T -dT. 



Then 


and 


ADIABATIC CHANGE 
dE = dT calories, 

dW =pdV erg8=^^ calories, 

C^dT+^^0. 
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This equation contains three variables, p, V, and T, and to 
integrate it the number of variables must first be reduced to two. 

RT 


As 


pV=^RT, j)=- 

r 

C„dT + :^^=0. 

• c ^ + 

- T J V 


Now, 




C„-j. 


G.,^+(G,-C„)^=0. 


V jjl 

dT 
T 


Dividing by ~ -p- = 0, 

and TVTiting y for the ratio Cj^jC^ of the two specific heats, 
dT , ^dV 


y + (y-l)-y =0. 


Integrating, 


In T + (y - 1) In F = a constant ; 
or, In T F^-”^ = a constant ; 

taking antilogarithms, TV'^"^ ^arwihtr constant (1) 

We can now substitute for T, as T =pV jR, 
pV 


K 


. yv-i =a constant, 


or, p F^' = a constant (2) 

This is the required relation between p and F, the adiabatic 
equation. 


RT 

Also, as F = — , substitution in (1) gives 

P 

jv 

. as a constant. .. 


P 


iV-l 


7, 
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External work done during adiabatic change. Consider unit mass 
of gas initially at pressure dynes per sq. cm. and volume Fj c.c. ; 
let it expand to pressure Pa volume Fa at some other tempera- 
ture 

To find the work done by the gas, integrate the general expression 



pdV. 


For adiabatic conditions it is useless to substitute for p in terms of 
F and T, as T varies ; hence the adiabatic equation jpF^ = constant 
is used to eliminate p. Write k for the constant. 


As ‘ jpFy = A:, p=kV~^\ 


and the external work done 




\y 


or 


r ^ 11 

-lUV-i 


erjis. 


.( 1 ) 


This is the work done by the gas ; if Ti is greater than F^, external 
work has been done on the gas by a conq^ressor, and then the 
expression has a negative sign. 

The expression may be made neater by substituting PiV{^~l\ 
and p^V^^^k in the first and second terms respectively, afk‘r 
removing the bracket. 

Then, work done by gas 

' 

(y-i)TW 


ergs. 

y -1 


To express this in terms of the pressures, as F == , the formula 


becomes 


hi[pi -P^ = 1=1 


''V2- 


,.( 3 ) 


In applying formulae (1) and (3) to problems, the substituuo.* 
PiP{' made for k. 
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Thus, for the extemul work done by a gas expanding adiabatically 
from Pi, Vi, to jjj, Fa, we have : 


, PtF/r 1 11 B.VyF. 

^•ork =— 1^^ - ergs, or [p,(y-m -p,(y-»ly] ergs. 

Adiabatic curves. The graph of p against V for a given heat 
content has the equation = constant, and is called an adiabatic 
curve (Fig. 117). It should 
be realised that the constant 
is really a parameter which is 
constant only for a given heat 
content, so that there is a 
complete family of adiabatics 
for a fixed mass of gas, not j ust 
one curve. The adiabatics are 
steeper than the isothermals, 
since if the gas expands from 
the point represented by A 
to the point represented by 
B, the temperature fails, say 
from fo 2 ^ 2 ^ J 
.4 is one point on the 
isothermal, B is one point 
on a lower isothermal, that 
fcr general, the adiabatic passing through the point 

(Pv ^i) is steeper than the isothermal through that point. 

For the adiabatic, p = constant, 

Vydp+ypVy-^dV^O, 

dp p 

dr~^f 



Volume 

Fig. 117. — Adiabatic curve compared 
with isothormals. 


So the slope of the adiabatic at (pj, Fj) is -yPijVi, 
For the isothermal, pF ~ constant. 

/. Vdp+pdV=0. 
dp _ p 

5?"' F' 


and the slope of the isothermal at (pi, Fj) is -Pi/Fi. 

The gradient of the adiabatic at any point is thus y times as great 
as the gradient of the isothermal through the same point. 
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Determination of y. Measurements of changes of two of the 
variables in an adiabatic change enable y, the ratio of the two 
specific heats of a gas, to be found directly. The available methods 
may be classified as : 

1. Observation of a single sudden adiabatic expansion or com- 
pression, as in the experiment of Clement and Desormes. 

2. Observations of fairly slow alternations of adiabatic expansions 

and adiabatic compressions, as in the oscillating-pellet method of 
Ruchardt. I 

3. Measurement of the velocity of propagation of a sound wave, 

which is a series of rapid alternations of adiabatic expansions and 
adiabatic compressions. \ 

In every case we shall assume in our descriptions of the Experi- 
ments that the equation pV‘>' = constant is true. This equatipn is, 
however, the equation for the adiabatic of a perfect gas ; it must be 
corrected for the deviations of the gas under test from the gas law s 
before it can be used to calculate the results in accurate experi - 1 
ments. 

Single-expansion methods. In the experiment of Clement and 
Desormes, a modification of which is described below, the gas is 
allowed to expand suddenly from a pressure a little above 
atmospheric, to atmospheric pressure Pq. This expansion is adia- 
batic. The gas is then allowed to stand to regain the temperature 
of the surroundings, the pressure rising to pg* pressure 

w^hich would have been attained if the original expansion had been 
isothermal, since the initial and final temperatures of the gas are the 
same. 

Consider the fixed mass of gas left in at the end ; this has ex 
panded from volume (less than that of the vessel) to Fg (th( 
volume of the vessel). The three successive stages can be repre 
sented by the points A, B, and C on the pV diagram (Fig. 118). 

As the expansion from A to B is adiabatic, 

” Po'^vJ- 

As the final state at C is that which would have been att^e< 
isothermally, r . 

■■■ 
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Fig. 118. — Stages in Clement and Desormes’ experiment. 

Y 

Substituting for jz- in the first expression, 

Po W ’ 

Taking logarithms, 

log Pi - log Po=y (log Pi - log p^). 

• ^ogPi-iogyp 
log Fi- logics' 

Thus, if pi, Pq, and p 2 are measured, the value of y can be 
calculated. 

The apparatus used in the usual laboratory version to find y for 
itmospheric air is shown in Fig. 119. A large vessel A, capacity 
everal litres, is fitted wth a wide stopcock B, a tube with a bicycle 
yre valve C, and a manometer D containing oil. It is really 
nmecessary to surround the vessel with insulation, since the 
expansion is so rapid and the contained air is itself a bad conductor, 
^ir is sent in through C by means of a bicycle pump until the head of 
5il registered by the manometer is about 10 or 15 cm. The vessel is 
to stand until the manometer levels are steady, and the air in 
he vessel has regained the steady surrounding temperature. The 
'iead of oil, is then observed. The stopcock is opened for a 
second or so, and quickly closed. The manometer is seen to fall, 
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I I and then to climb gradually up to a 

(PIlj B steady head which is observed. 

0 I X — ■>' > From these two readings alone th(^ 
P ^ value of y is calculated. 

^ If we take 1 cm. of oil as the 

unit of pressure, + 

^ , i>2=i>0 + V 

' If and A 2 ^re small compared 
vith Po, the formula deduce on 
D « p. 263 simplifies to ' 

Ai 

^ K-K 

A as an approximation, whicti is 

satisfactory enough within the limits 

Fig. 119. — Apparatus for Clement of this experiment. 

and Deaormes’ experiment. Although this approximate for- 

mula can be deduced more simply, 
as is done below, it is worth while to deduce it from the true formula, 
since this makes clear the size of the approximation made. 

If ' + K and 

log ft (l log P. 


Whence 


logPi-logPo 
log Pi -log Pz 


\ogp,{\+-l)-\ogp,{\^^ 


Iog(l^ 


log(l+^j-log(l+i^ 


The logarithms could have been taken to any base, and we might 
just as weU write : 
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Now, as 


1/1 \ a? 

ln(l+a:)=a:-y + -, 


if we neglect the squares and higher powers of — and 

Po 


h 

Pa 


lnfl+M=-S 

\ Pa/ Pa V Pa/ Pa 
• _ ^iIPo _ 

^iIPo “ ^ 2 /Po ^2 

In an experiment may be about 12 cm. of oil, and Pq about 

1200 cm. of oil, — =0*01 and J f — ) =0*00005, so an error of the order 
Pq \vJ 




of 0*05 per cent, in each term is 
made by the approximation, re- 
sulting in an overall error of about 
this value, which is very much 
smaller than the experimental error 
when the experiment is done with 
the apparatus described above. 

The approximate formula can 
be derived from the fact that 
the slope at A of the adiabatic 
through ^ is y times the slope of 
the isothermal through that point. 

For, if AB and AC are so small 
that they can be regarded as por- 
tions of the tangents to the two 
curves at A (Fig. 120), 

slope of adiabatic = 
slope of isothermal = 



Volume 
Fig. 120. 


AD 

DB^ 

AE AE 
GE^^' DB' 


_ slope of adiabatic A^ AE AD 
^ ~slope of isothermal ~ DB * 1)B ~ AE 
Clement and Desormes used vessels of capacities 3 htres and 10 
I litres in two sets of experiments, the earlier of which used adiabatic 
compression, the other being as described here. Later experimenters 
I using the single-expansion principle had much larger vessels. 

Apart from zninor corrections, such as allowance for the change 
k.h. 8 
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in volume of the manometer, and for the fact that the gas is not 
perfect, there is one grave inaccuracy in the method. If the stop- 
cock is sufficiently wide to allow rapid expansion of the air, oscilla- 
tions occur, and it is impossible to tell when to close the stopcock. 

This difficulty is overcome in the method of Lummer and Prings- 
heim, later developed by Partington, in which the fall in temperature 
due to the adiabatic expansion is measured by means of a sensitive 
bolometer, which is a platinum resistance thermometer of very small 
heat capacity, connected in one arm of a suitable sensitive resistance 
bridge. I 

If K. be the temperature at the initial pressure pj, \ and 
Tq K. the temperature at Po, then as \ 


logTi-logTo 

y logpi-logpo 


for a perfect gas. 


Lummer and Pringsheim used a 90-litre globe of copper. Parting- 
ton and Shilling* point out that this method is subject to 
at least four possible sources of error, which were : (1) heating of 
the bolometer by conduction, from the gas and along the leads ; 
(2) convection currents from the lower warmer walls ascending 
through the gas ; (3) direct heating of the bolometer by radiation 
from the walls of the vessel ; (4) lag of the bolometer. 

In Partington’s experiments, a short-period string galvanometer 
was used in the bolometer bridge. This enabled the progress of 
oscillations to be followed, and so the diameter of the orifice through 
which expansion took place could be adjusted to a size at which 
oscillations did not occur. The expansion vessel was of metal and 
of 130 litres capacity ; it was surrounded by a water bath. The 
method of experimenting was to unbalance the bridge by a definite 
amount, corresponding to a fixed but as yet unknown temperature 
fall, and then find by trial the pressure change needed to give exaci 
balance of the bridge when expansion occurred, the initial and fina 
pressures then being measured. Next, the temperature of the 
water bath surrounding the metal vessel was lowered slowly unti 
the bridge was exactly balanced again, andriihis temperature of the 
bath, as well as the temperature before the expansion, was measured 
on a standardised mercury thermometer. Thus, corresponding 
values Pi, and were found ; in computing the value of 
♦ “ The Specific Heats of Gases.*" 
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y, the equation of p. 266 was modified to allow for the fact that the 
actual gas used is not a perfect gas, and Van der Waals’ equation 
was assumed for this modification. 

Slow-oscillation method. The experiment in this form was 
described by Ruchardt in 1929, though earlier 
experimenters had attempted it with pellets 
of mercury instead of the metal sphere he 
used. It cannot be an accurate method, 
since, if the oscillations are slow enough to 
be timed, it is unlikely that they will be pro- 
perly adiabatic. It is described here because 
the calculation has some instructive features. 

A large flask of known volume has an 
accurately cylindrical glass tube set vertically 
in its neck. Inside this tube an accurately 
spherical ball-bearing of the same diameter 
as the bore of the tube is free to oscillate, as 
in Fig. 121. 

Let m gm. be the mass of the ball ; A sq. 
cm. the area of cross-section of the tube ; 
r c.c. the volume of the flask up to the zero 
position of the ball ; dynes /sq. cm. the 
atmospheric pressure ; and p dynes /sq. cm. 
the pressure in the flask. 

The ball is at rest when p dynes /sq. cm. 

If the ball is depressed a distance x from this mean position, the 
pressure of the contained gas increases by dp, and the restoring force 
towards the mean position A dp dynes. 

dV 

As p = constant, dp = -yp-y^ • 

I Now the change in volume, dV, is Ax, 

dp=‘ -yp-y, 

w hence the restoring force is -ypy x dynes, and the acceleration 
I towards the mean position is 

X cm./sec./sec. 
mV 



V 


V ^ 

Fig. 121. — Ruchardt’s 
slow-oscillation method. 
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As the acceleration is proportional to the displacement and is 
directed towards the mean position, the motion is simple harmonic, 


the period T — 


acceleration 


being 


T-27r 


mV 


' ypA^ ’ 
or, substituting for p, y = 


whence y = 
4:TThnV 


4nhnV 
A^pT^ * 




Velocity of sound method. The velocity of sound in a g^s at 
pressure p and density p is given in its simplest form by the equation 


u^\j 


d.p 


The compressions and rarefactions in sound waves succeed one 
another so rapidly that they are adiabatic. 

As = constant, and density is inversely proportional to 
volume, we can write p =cpv, where c is a constant ; 

dp 


dp dp T 

and 

p p p 


p. 


whence 




and y = 


P 


This expression is only strictly true for tho velocity of sound in 
an unrestricted volume of gas (supposed perfect). In an enclosed 
tube the value of the velocity is a little different, and corrections 
which depend on the gas, the tube, and the frequency of the sound 
have to be made. 

In Kundt’s Tube experiment (Fig. 122), the source of sound is a 
rod clamped at its mid point and set into longitudinal vibration by 



Node 



X 


Node 



Anttnode 


o 



Antinode 


Fig. 122. — ^KiindVs tube. 
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stroking with a resined cloth. One end of the rod projects into the 
tube of gas, and carries a flat plate A which nearly fills the area 
of the tube. 

The frequency n of the note emitted when the rod is stroked is 
first determined by methods not here described. The other end of 
the long tube is closed by a sliding rod, which also carries a flat 
disc jB. 

The wave-length A of the sound in the gas, the velocity u, and the 
frequency n are connected by the equation 

u=nA, 

As n is known for the rod, u can be calculated if only A is 
measured. 

If the distance is suitable, a stationary wave system is set up 
in the tube by the superposition of the waves reflected at B upon 
those propagated from A. In such a system, points of no 

disturbance (nodes) occur at intervals of ~ , measured along the 

tube, and points of maximum disturbance (antinodes) half-way 
between the nodes. The distance between successive nodes is 
thus A/2, as is also the distance between successive antinodes. 

A thin la 3 ^er of dry lycopodium powder or fine cork dust inside 
the tube makes the stationary wave system visible, since this is 
thrown into violent agitation at the antinodes, and collects there in 
fine transverse streaks when the vibrations stop. The disc B is 
moved forwards until a sharply defined pattern, as shown in the 
figure, is obtained. 

The wave-length A is determined by measuring the distances 
between the dust traces, and u is calculated. The values of p and p 
are determined, and y found from the formula y = 

A later modification of this method is that of Behn and Geiger, 

lio used a closed tube of the gas under test instead of a solid rod 
as the source of sound in a Kundt's tube (Fig. 123). The dust 



Fig. 123. — Behn and Geiger’s method* 
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pattern inside the source tube is compared with that in the Kundt’s 
tube containing air, and thus the wave-length in the gas is compared 
with that in air. As n, the frequency of the note of the gas tube 
is of course the same both in gas and in air, Wgas/^^air = ^gas/Aair* 

Value of y for a perfect gas. Apart from its importance in calcu- 
lations on adiabatic changes, knowledge of the value of y is extremely 
important, as it helps to decide whether a gas is monatomic, diatomic, 
or polyatomic. 

The experimental results show that, at 0® C., and one atmospfiere 
pressure : 

for all monatomic gases y is very close to 1*666, 
for many diatomic gases y is very close to 1*40, 
for all polyatomic gases y lies between 1*40 and 1*0. 

It is possible, by making certain assumptions, to calculate what 
the value of y should be for perfect monatomic and diatomic gases. 

For a monatomic gas, the internal kinetic energy E is the sum 
of the kinetic energies of translation of the molecules. Considering 
one mole, with the usual symbols, E = \Nmc ^ ; 

but jpV and pF = i?J'. 

Whence E=ip V = |i?r ergs = | ^ T cal. 


Let the temperature of unit mass be raised by dT^ at constant 
volume. The heat supplied is dT cal., and the increase in internal 

o t> 

energy dE is dT cal. 

Thus C^dT = ^^dT and 

Now. + 


whence 

For one mole, 
and 

whence 


J' 


5R 
2 J’ 


y=-. 


5R,3R 5 

'2 7T7-r‘“’- 


jB 8-3 X 10^ erg/mole/®C., 

J ^ 4'18 X 10^ ergs per calorie, 


-j-2 cal./mole/oentigrade degree,, nearly. 
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Thus the numerical values of the specific heats (the heat capacities 
of one mole) are approximately 

Cj, = 5 cal. per mole per centigrade degree, 
and =3 cal. per mole per centigrade degree, 

for a perfect monatomic gas. 

In deriving the formula pV for point (monatomic) 

molecules on p. 151, we considered velocities resolved parallel to 
three independent axes at right angles. The point molecule thus 
has three mechanical degrees of freedom, and three independent 
ways of possessing kinetic energy. As there is no reason a priori why 
any one of these should be favoured at the expense of the others, it 
seems reasonable to suppose that each degree of freedom is associated 
w ith one third of the total kinetic energy. That is, each degree of 
freedom possesses an amount of internal energy \E = \RT. This is 
known as Boltzmann’s Law of Bquipartition of Energy. 

To extend the specific heat calculation to diatomic gases, we may 
consider what extra degrees of freedom are available for a diatomic 
molecule. Taking the simplest 
possible picture of such a mole- 
cule, and regarding it as a kind 
of ‘‘ dumb bell ” (Fig. 124), the 
moment of inertia about any 
axis at right angles io A B will 
be large compared with the 
moment of inertia about AB, 

Thus, when the molecule is 
spinning we can, by resolving 
the angular velocity into com- 
ponents about the perpendicular 
axes AB, CD, EF, and retain- 
ing only those about CD and 
EF for which the moment of inertia is appreciable, see that there are 
two extra degrees of freedom, since kinetic energy of rotation about 
two independent axes may be possessed in addition to the kineiic 
energy of translation. 

Thus, according to the Law of Equipartition of Energy, if there 
are five degrees of freedom in all, and each is associated with internal 
energy the total internal energy is E ; 



Id 

Fig. 124. 
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, ^ &R ^ 1 B 

whence ^-=2 7’ ^»=2J’ 

and y = ^ = ^==l‘40. 

O,, o 

For more complicated molecules with x degrees of freedom in 
addition to those due to translation, this argument should lead to 

5 X ^ 

y = , or, if is the total number of degrees of freedom, y =1 + ^ 

which becomes progressively closer to unity as x and n increase. 

The argument presented here is obviously shaky. For, i]f we 
understand the term “ degrees of freedom ’’ to mean independent 
ways of possessing energy, the diatomic molecule of Fig. 124 has 
two more. These are kinetic energy of vibration of the individual 
atoms along the line joining their centres, and the corresponding^ 
potential energy of vibration. The total possible number of degrees 
of freedom for such a molecule is thus seven instead of five, and 
the Law of Equipartition demands a total internal energy of iHT 
instead of fi?T, giving instead of 5 cal. /mole /°C., and 

y =1 = 1-29 instead of 1*40. 

For air, the value of y at 2000® C. is about 1*3. Infra-red spectra 
furnish independent evidence for the occurrence of vibration as well 
as rotation. It thus appears that the seven degrees of freedom are 
available, but that only five of them are effective for air and most 
other diatomic gases at ordinary temperatures, while the otlier 
tw^o are rather grudgingly accorded “ acting rank '’at high tem- 
peratures. In other words, the Law" of Equipartition of Energy 
does not hold, except perhaps as an approximation at very hiiit 
temperatures. 

The calculation suggests also that and should be indepen- 
dent of the temperature. This is not found experimentally, for the 
specific heats increase in value as the temperature rises. Similar | 
observations equally irreconcilable with calculations based on the 
Law of Equipartition occur for the specific heats of solids (p. 74). 
and these alone would have sufficed to discredit it. But in other 
fields, in particular in radiation problems (p. 390), it leads also to false 
results. It is best, therefore, to regard the Law of Equipartition as 
a piece of common-sense intuition which is helpful in that it takes us 
some way towards an explanation of the way in which y depends on 
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lie atomicity of a gas, but is known to be erroneous as a general 
)bysical principle. ^ 

Variation of C,,, C^, and y with temperature and pressure. The 
ipecific heats and both increase, while y decreases, as the 
;(^mperature rises. Thus, according to Partington and Shilling, for 
lir at 1 atmosphere and 0° C., 

Cp = 6-97, = 4-97 and Cp - = 2*00 ; hence y = 1 402, 

;^'hile for air at 1 atmosphere and 2000^ C., 

Cp = 8-54, = 6*55 and Cj,-C^ = 1-99 ; hence y = 1-302. 

The following results for air at 0® C. and 200 atmospheres show 
the effect of increasing the pressure : 

6% - 8-695, Cp = 4-757 and 0^,-0^= 3-938 ; hence y = 1 -83. 

It can be seen that calculations for the adiabatic compression and 
rarefaction of a real gas will not be so simple as those given on p. 259 
for a perfect gas. In particular, the use of a constant value of y in 
problems on the internal combustion engine, where very high 
temperatures and pressures occur, must lead to very inaccurate 
results. 


QUESTIONS ON CHAPTER VI 


1. Give a short account of the evidence that heat and work are 
quantitatively intercliangeable. 

Describe an experiment by which the mechanical equivalent of heat 
^aii be determined in the laboratory. (C). & G.) 

2. Describe a non -electrical method of measuring the mechanical 
E'qui valent of heat. Explain your calculation. 

A roller-skater glides 50 times round the floor of a rink, keeping to 
a (jircle of average radius 78 feet, only one skate being on the floor at 
ariy one instant. If each skate, of mass 1 lb. and specific heat 0-1, is 
rtu.s(‘(l in temperature 20 deg. F., calculate the average force applied 
the skater in overcoming friction. Assume that 20 per cent, of the 
generated is received by the skates. {*7 = 780 ft. lb. 

B.Th.LT.) ^ 

3. What are the chief reasons for believing that heat is a form of 


■explain the statement that 4-2 x 10’ ergs are equivalent to 1 calone, 
MKi describe an experiment involving the con’^ersion of mechamcal 
energy into heat by which it may be checked. ■ -i * 

Calculate the number of foot pounds weight which are equivalent 
to the quantity of heat required to raise the temperature of 1 lb. ol water 



274 


A TEXT-BOOK OF HEAT 


1 deg. F. Assume that 1 ft. = 30*5 cm. and that the acceleration of 
gravity = 980 cm. sec.*“* ( J.M.B.) 

4. Give an accoimt of the evidence for our belief that heat is a form 
of energy. 

A lead bullet of mass 20 gm. enters a fixed block of wood with a 
velocity of 10,000 cm. per second, and is brought to rest in the wood. 
Calculate (a) the heat developed in gramme-calories, (6) the rise of 
temperature of the bullet, if it is assumed that two -thirds of the heat 
produced is absorbed by the bullet. 

(J = 4*2 X 10’ ergs per gramme-calorie. Specific heat of lead = 0 032 ) 

CfW.B.) 

6. What do you understand by the mechanical equivalent of heat? 
Describe an experiment to determine it, pointing out what precautions 
must be taken to obtain an accurate result. \ 

A car weighing 1,000 kilograms descends a hill of slope 1 in 10 with 
the engine disengaged at a uniform speed of 40 kilometres per hour. 
Find the rate of rise of temperature of the brake drums if all the heat 
developed by the brakes is retained by the brake drums. The brake 
drums together weigh 40 kilograms and are made of material of specific 
heat 01. (< 7 = 1,000 cm. per sec. per sec.) (C.S.) 

6. Upon what experimental evidence does the extension of the 
principle of the conservation of energy to include Heat rest? Define 
specific heat and state how the calorie is related to the erg. 

A piece of lead falls from a height of 100 metres on to a fixed non. 
conducting slab which brings it to rest. Show that its temperature 
immediately after the collision is raised by approximately 7*7^ C. 

(The specific heat of lead is 0-0305 betwe^en 0° C. and 100^ C. 
1 calorie — 4*2 x 10’ ergs.) (C.S.) 

7. Describe a method of measuring the mechanical equivalent of heat. 

A bullet moving horizontally strikes a target and comes to rest. The 

initial temperature of the bullet is 25'^ C., its melting point 475'^ C., its 
specific heat 0-05, and its latent heat of fusion Gl-5 calories per gram. 
Find the minimum velocity at which the bullet may melt compl(*tely 
on striking the target. The mechanical equivalent of heat may be 
taken as 4-2 x 10’ ergs per calorie. (O. & C.) 

8. Write an e.ssay on the conservation of energy. (O. & C.) 

9. Explain carefully what is meant by the tt»rm “ mechanical equi- 
valent of heat 

Given that one calorie is equivalent to 4*2 x 10’ ergs, find an ex- 
pression connecting the difference of temperature at the top and bottom 
of a waterfall with the height of the fall, assuming the potential enor^p’ 
of the water is all converted into heat. (O. & t •) 

10. Describe, indicating the necessary precautions, how you could 
determine either (a) the mechanical equivalent of heat, or (6) the heat 
evolved in the combustion of a given mass of coke. The reaction 
between carbon and oxygen takes place according to the equation 

Ccoke "f* Gf = COj 4- 90,000 cals. 

Compare the cost of heating water in a 70% efficient boiler using coke 
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£2 per (metric) ton with the cost if a 98% efficient electric heater is 
ised. The electrical energy costs l/3d. per kilowatt-hour. (O.S.) 

11. Describe an electrical method of determining J, 

In the Callendar-Barnes flow calorimeter, it is found that there is a 
-ise in temperature of 3° C. when the rate of flow is 5 gm. per sec. and 
i current of 0-75 amp. passes along the heating wire, the difference of 
jotential between its ends being 100 volts. If the rate of flow is reduced 
,0 one-third of its former value, a current of 0-5 amp. gives the same 
■ise of temperature. From these data determine the value of Joule’s 
jonstant. (O. & C.) 

12. Define the gram-calorie, and explain what you mean by the 

Tiochanical equivalent of heat. Give details of the determination of 
the latter constant by a constant-flow electrical method. How may 
this method be used to investigate the variation of the specific heat of 
water with temperature? (C.S.) 

1 3. How can a value of the mechanical equivalent of heat be deduced 

from observations on the specific heats of gases? What assumption 
is made in making this deduction? Describe any experimental test of 
the correctness of the assumption. (C.S.) 

14. Define the mechanical equivalent of heat. Describe a method of 
measuring this quantity. 

Deduce an expression for the difference between the specific heat (7^ 
of a gas at constant pressure and the specific heat at constant volume. 
Find the value of (?^, for gaseous oxygen, given that (7^, = 0*2180 calories 
pcT gm., the density of oxygen at s.t.p. = 0*00143 gm. per c.c, and using 
tlio normally accepted values for the other data required. (L.) 

15. Distinguish carefully between the specific heat at constant 
volume and &,,, the specific heat at constant pressure, of a gas. What 
is the value of <7.^~ for a gas obeying the equation p (v-h)—RTl 
,How would you measure the ratio of Cj, to experimentally, and why 
[is this ratio important in the thoorj'' of sound propagation in a gas ? (C.S.) 

10. Describe how the specific heat of a gas under constant pressure 
[has been measured. 

Calculate a value for the mechanical equivalent of heat, given that 
the specific heat of air at constant pressure is 0*237 and at constant 
volume 0*168, the density of air at 0° C. and 10® dynes per sq. cm. 
pr(‘ssure 0*001275 gm. per c.c., and the coefficient of expansion at 
constant pressure 0*00367 per degree C. Point out any assumptions 
made in the calculation. (C.S.) 

17. Describe a direct method of determining the specific heat of air 

b constant pressure, and explain how the result is calculated from the 

obsorvations. 

If the density of air at n.t.p. is 0*001293 gm. per c.c., and its specific 
h(‘at at constant volume is 0*169 calories per gm. per degree C., calculate 
hs specific heat at constant pressure. (Density of mercury = 13*6 gm. 
per c.c. at 0® C., J = 4*2 x 10’ ergs per calorie.) (C.W.B.) 

18. Describe a method of finding the snecific heat of a gas at constant 
'volume. 
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Find an expression for the difference of the specific heats of a perfect 
gas at constant pressure and constant volume. Apply the expression 
to find an approximate value of this difference for helium. (Density of 
helium at 0° C. and 760 mm. pressure = 0*18 gm. per litre ; density of 
mercury = 13*6 gm. per c.c. ; mechanical equivalent of heat = 4*2 x 10’ 
ergs per calorie.) (O. & C.) 

19. What is meant by “ an adiabatic change *’? Explain how the 

specific heat of a gas at constant volume is related to its specific heat 
at constant pressure and the mechanical equivalent of heat. Find a 
value for the latter, given that the difference of these specific heats foi 
hydrogen is 0-97. (The density of mercury is 13-6 gm. per c.c., that of 
hydrogen is 0 09 gm. per litre at n.t.p.) I (O.) 

20. Describe what you consider the best method for the determination 
of the mechanical equivalent of heat, giving reasons for your choice. 

Show that J can be calculated if the difference in the molecular heats 
at constant pressure and constant volume for a perfect gas is known. 
Find its value if the volume of a gram-molecule of gas at n.t.p. is 22-4 
litres, and the difference in the two molecular heats is 2 calories. 
(g = 981 cm. per sec. per sec., density of mercury =13-6 grams per 
c.c.) (O. & C.) 

21. What is meant by an adiabatic change? 

Describe one method by which the ratio between the two principal 
specific heats of a gas may be determined. 

If the difference between these specific heats in the case of hydrogon 
is 0-97, obtain a value for the mechanical equivalent of heat. (Tlie 
density of hydrogen at 0° C. and a pressure of 10® dynes per sq. cm. is 
0 09 gm. per litre.) (C.) 

22. What is meant by the specific heat of a gas (a) at constant 
volume, (6) at constant pressure? Deduce a value for the difference 
between the specific heats in the case of a perfect gas. 

DescriVje a method of measuring the ratio of the two specific heats of 
a gas directly. Why is a knowledge of this ratio important ? (O, & C.) 

23. How can the specific heat of a gas at constant volume be measur(‘d 

directly? What information can be deduced about the molecular 
constitution of a gas from a knowledge of the ratio of its specific hrnt^ 
at constant pressure and constant volume? (C.S.) 

24. Describe a method of measuring directly the ratio of the specific 
heats of a gas at constant pressure and at constant volume. 

Why would you expect the value of the ratio to depend on the 
atomicity of the gas? (O. & C.) 

26. Explain how energy supplied in the form of latent heat to a liquid 
boiling at atmospheric pressure is conserved during the change from 
liquid to vapour. — 

The volume of steam produced by the evaporation of 1 gm. of w ater 
boiling at 100° C. is 1,660 cm,® Calculate the internal work clone 
during the change of state. 

(Latent heat of steam = 640 cal./gm. J = 4'2x 10’ ergs per calorie* 
Density of mercury = 13-6 gm./cm.* = 981 cm./sec.*) 
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HEAT ENGINES : THE SECOND LAW OP 
THERMODYNAMICS 

Ai^Y device which will convert heat continuously into mechanical 
work is called a heat engine. Innumerable heat engines can be 
devised, and, as will be seen later, one of the most fruitful ways of 
attacking thermodynamical problems is by choosing a suitable 
imaginary heat engine to fit the requirements of each problem. 

The material which, on being supplied with heat, performs mechan- 
ical work is called the working substance. All practical engines use 
one of two working substances — either water (in the reciprocating 
steam engine and the turbine) or air (in the internal combustion 
engine). We shall first discuss the theory of heat engines in 
general, without reference to any particular working substance. 
Next, the theory will be applied to some problems in pure physics. 
Finally, the theory of one or two practical engines wiU be discussed. 

The ideal heat engine. Carnot’s cycle. Consider a fixed mass of 
any \vorking substance enclosed in a cylinder with non-conducting 
sides and perfectly conducting base, and fitted with a non-conducting 
frictionless piston, upon W'hich 
weights can be placed. 

Three stands are available : a 
perfectly conducting stand X at 
a high temperature called 
the source ; a perfectly non-con- 
ducting stand Y ; a perfectly p 
conducting stand Z at a low 
temperature called the 

sink. 

The following sequence of oper- 
ations is carried out ; it is repre- 
sented on the p - V diagram of 
Fig. 125. 

(1) Starting with the substance 
S'* the state represented by the 
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Fig. 126. — Carnot cycle. 
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point A on the diagram, the cylinder is placed on X, weights are slowly 
removed from the top of the piston, and the substance is allowed 
to expand isothermally to the state represented by the point B, 

(2) The cylinder is then placed on F, and further expansion is 
allowed. This expansion is adiabatic, and it is continued until the 
temperature has fallen to the state then being represented ])y 
the point C. 

(3) The cylinder is placed onZ, and weights are slowly added to the 
top of the piston. External w'ork is done on the substance, which is 
reduced in volume, and gives out heat isothermally to the sink Z. 
This is continued until the point Z>, which lies on the adiabatic 
through A, is reached. 

(4) The cylinder is replaced on F, and further w^eights are added 
to the top of the piston to compress the substance until the point A 
is reached. 

The following observations can be made to begin with : 

(1) The substance has been taken through a complete cycle of 
operations, and its state at the end is exactly the same as at the 
beginning. It starts at A and ends at A. Whatever has happened 
to the substance during the cycle is quite independent of the internal 
energy of the substance at A, and hence also independent of the 
nature of the working substance used. 

(2) A quantity of heat, which we will call has been taken in at 
temperature and a smaller quantity, which w^e will call 
has been rejected at temperature Tg®. The difference Qi -ft 
must be accounted for. By the First Law of Thermodynamics, 
this must be equivalent to the mechanical work done by the arrange- 
ment during the cycle, 

(3) The area beneath the lines AB, BC^ represents the external 
work done by the substance in expanding, and the area beneath 
CDy DAy the work done on the working substance by the load 
applied to the piston. The difference between these two area- is 
the area of the closed figure ABC DA ; and this represents the net 
amount of external work delivered by the engine during the cycle. 

(4) Measuring entirely in heat units, the total energy taken in by 
the engine is The external w^ork delivered is ~ Q^. The ratio 

external work delivered 
total energy absorbed at high temperature 
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is called the efficiency of the engine. Thus the efficiency of this 
engine is or 1 • 

The cycle of operations through which the working substance 


has been taken is called Carnot’s cycle. There are two important 
^avs in which the Carnot cycle differs from that of any practical 


engine. First, the heat absorbed is all taken in at one constant 
temperature, and all the heat rejected to the sink is given out at 
another constant temperature. In this sense it is very much simpler 
than any practical engine. Secondly, as no work is done at any 
stage in overcoming friction, and no heat is lost to the surroundings, 
cycle is completely reversible. This means that if we had carried 
lit the whole sequence of changes in the reverse order, every 


peration would have been exactly reversed ; by supplying an 
mount of energy represented by the area ABC DA we could have 
xpanded the substance adiabatically from .4 to D, caused it to take 
1 a quantity of heat along DC, compressed it adiabatically from 
’ to B, and caused it to reject a quantity of heat Qi in being com- 
ressed isothermally from B to A, In this sense it is an ideal heat 
ngine, since in all practical engines work is done in overcoming 
riction and heat is lost to the surroundings. It can be seen that 


fiction and heat loss both prevent perfect reversibility. If work 
done against friction when the piston is depressed, friction (which 
Iwavs opposes motion) does not furnish an equal quantity of work 
0 help the motion A^ hen the piston is raised — on the contrary , more 
ork has to be done against friction. If heat is lost to the cooler 
iiToundings when the substance expands, the same cooler surround- 
do not supply heat Avhen it contracts — on the contrary, they 
bstract still more" heat. Two other less obvious conditions must be 
atisfied for complete reversibility. The base must be a perfect con- 
uctor of heat, and the operations must be carried out infinitely 
ilowly — otherwise the isothermal stages cannot be realised reversibly. 


SECOND LAW OF THERMODYNAMICS 


It is a matter of common experience that when two bodies at 
ifierent temperatures are placed in contact, heat flows from the 
'ody at the higher temperature to that at the lower temperature, 
t is not quite true to say without any qualification that heat 
Iways flows from a hot body to a cooler body, since if we operate 
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the Camot cycle backwards heat wiU be taken in at and rejectee 
at but this is not a normal case, for external work must then b( 
done on the system. The results of experience can be summed uj 
in Clausius’ statement : 

It is impossible for a self-acting rmchiney unaided by any externa 
agemy, to convey heat from one body to another at a higher temperature 
this is one of the forms in which the important fundamental principlt 
known as the Second Law of Thermodynamics has been enunciated. 

The Second Law of Thermodynamics deals with the availability 
of heat for the performance of work. We know from the First La\^ 
that if a body can be made to yield up Q heat units, a quantity oi 
work given by the relation W =JQ can be obtained from it.\ Tht 
Second Law tells us what prospect we have of making it yi^d up 
the heat at all. It is not sufficient merely to have heat \units 
stored in the body at some temperature ; arrangements must 
be made for the flow of some part of it, Q 2 , to a body at a lower 
temperature Tg®. 

The First Law of Thermod 3 niamics, in fact, corresponds to the 
Rugby Union’s ruling that a try shall count three points and a goal 
five points — very indispensable information for calculating which 
side has won the match. The Second Law of Thermodynamics 
corresponds to the whole of the rest of the rules of the game, as they 
might be deduced by an observant spectator. 

Applying the Second Law to reversible heat engines, the following 
conclusions are reached. 

(1) The efficiency of all reversible engines working between the same 
two temperatures is the same, whatever the working substance. Con- 
sider two reversible engines E and F, and suppose that both reject 
Q 2 heat units at T 2 , while at T^, E takes in heat units, and 
the more efficient one, -f 80 heat units. If the two are now 
coupled together so that the less efficient E drives the more efficient 
F backwards, the combination will work continuously on its owti 
(the Q 2 rejected by E at T 2 being supplied to operate F), and at the 
same time transfer a quantity of heat SQ (the difierence between that 
absorbed by E and rejected by F) from 5*2** ^ ^ which is 

contrary to all experience as expressed by the Second Law. Hence 
the efficiency of all reversible engines working between two given 
temperatures is the same, and is independent of the nature of tuoj 
working substance. 
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(2) No engine working between two given temperatures can be more 
fficient than a reversible one working between those temperatures, 
['he argument to prove this is essentially the same as that used 
tbove. For the more efficient engine could be made to drive the 
•eversible one backwards, and the combination would then be 
steadily transferring heat from the sink at the lower temperature 
bo the source at the higher temperature and at the same time 
ielivering a balance of useful work, which would be contrary to all 
experience as expressed in the Second Law. 

(3) The efficiency of a reversible engine is independent of the quantity 
of heat absorbed at the high temperature and the quantity of the working 
substance. This is easily shown, since an engine absorbing at T-^ 


should reject at giving an efficiency 


Qx~Q^ 

Qx 


as before. 


THE KELVIN ABSOLUTE SCALE OF TEMPERATURE 

The efficiency of a reversible engine working on a Carnot cycle 
depends only on the two temperatures between which it operates, 
and is independent of the nature of the working substance. That 
is, the efficiency of a reversible engine is a function of the temperatures 
concerned and of nothing else. Here we have a property which is 
absolutely dependent on temperature and on temperature alone. 
This is the basis of the Kelvin Absolute Thermodynamic Scale of 
temperature. 

Defining a new scale of temperature (and for the present denoting 
temperatures on this scale by the symbol B) such that, if a Carnot 
engine takes in a quantity of heat at temperature B^^ and rejects 
a quantity of heat at temperature B^, then 

it is clear that the efficiency equals , and thus the 

V2 

efficiency dex)ends on the temperature alone. 

B O 

The defining equation lays down the basis upon which the 

Kelvin (®K.) scale of temperature is founded. It does not prescribe 
the numbering of the scale, nor indicate how the scale is to bo 
re^hlised in practice* 

^ N.n. * 
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For the numbering of the scaJe, let the size of the degree interval 
be such that the interval between the ice point and the steam point 
represents one hundred degrees ; let be the temperature of the 
ice point, and (^o-flOO)° that of the steam point. Then if Qq and 
Qioo ^re the quantities of heat absorbed and rejected by a Carnot 
engine working between the ice point and the steam point, 

^0 1^ _ Qioo 

Bo Qo^ 

Assuming that both and Qq can be measured, this equation 
enables us to find the thermodynamic temperature of t^e ice 
point. The numbering of the scale is thus settled. 

To realise the scale in practice, choose as the working substance 
which is taken through the Carnot cycle in the reversible engine 
a fixed mass (unit mass) of a perfect gas. 

On thep ~ V diagram (Fig. 
126) let the co-ordinates of 
the points A, B, C, and D 
be PiFi, p^Voy P3F3, and 

As the gas is perfect, the 
internal energy is not affected 
by changes in volume (that 
is, no internal work against 
molecular attractions need 
be considered), and all the 
heat taken in at the high 
temperature is used in the 
performance of external 
work, while all the external w^ork done at the low temperature on 
the gas is converted into heat. 

Let the temperature of the isothermal on which A and B lie be 
Tj® on the perfect gas scale. 

Let the temperature of the isothermal on which C and I) lie be 
Tg® on the perfect gas scale. 

Then, for the isothermal expansion from A to By external work 
done by gas at on the gas scale 

^fydV^ST^hxVJV^. 



V 

Fig. 126. — Camot cycle for a perfect gas. 
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But this equals the heat Qi provided, here considered measured in 
work units, so ^ In 

For the compression from C to D, isothermally at on the 
giis scale, 

external work done by gas = 


JV, 

In = In F3/F4; 


external work done on gas = 
and if the heat rejected is in work units, 

(23 = ieT3lnF3/F4. 

Q, RT^lnVJV, h^F^/F, 

- RT^ In F3/F3 t\ • In F3/F4 ’ 

Before going further, it is worth noting that if then 

(J, = 0 ; but on the Kelvin scale, if Qj =0, then 6^ =0. Thus the zero 
)f the Kelvin scale is the same as the zero of the ideal gas scale. Do the 

6 T 

wo scales coincide completely? They must if ^ = »t. which is 

*72 -^2 

if = 1 or if Fj/Fi = F3/F4. The next step is to prove 

In \ 4 

As B and C lie on the same adiabatic, 

P2^ 2^ =^3^^ 3^ \ 

similarly, considering A and D, 


Tue 


PiVi 




so, 


or, 


\vj >x-vtV 


hY 

vj 


Ps 

Pi’ 

PiXi . 

Pi^i 


V ^ 

Pi 

■V^\y-^^ (I 

yj Piyi 

But as *4 and B lie on the same isothermal, PiFi=P2F2, and 
similarly for 6' and D, p^V z—Piy i- 
Hence, cancelling in the above equation, 

Vzv-^ y^Vs 


/F3Y-1 /FsV-^ ^ 

(rj =VFy ’ F, F4 


Thus the equation 
becomes 


e, TilnFa/F, 
Qi TiiiViiyt 

Qi^Ti 

Qi T,' 
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O 0 

Comparing this with the equation ^ ^ , it can be seen that the 

V2 ^2 

Kelvin Absolute Thermodynamic Scale of temperature and the ideal 
gas scale of temperature are identical — both giving the one really 
absolute scale of temperature. 

From now onwards, therefore, the symbol 6 will be discarded in 
this chapter, and the symbol T used for temperatures on the one 
absolute scale. 


ENTROPY 

In the reversible Carnot cycle, taking in heat at K.\ and 
rejecting heat at K., ^ ^ . Thus • \ 

It is necessary now to introduce a new quantity called the 
entropy, S', such that at any temperature T® K., at which a quantity 
of heat SQ is taken in, the gain in entropy SS is equal to SQ/T, The 
symbols SQ and SS can stand for large finite changes ; they are 
used here chiefly to emphasise that changes in entropy which occur 
when a system passes from one state to another, and not the 
absolute value of the entropy at any state, are the important 
quantities. If it is necessary to evaluate the entropy S for any 
state, this is usually expressed with reference to the value of S in 
some chosen state as zero. 

For the Carnot cycle, the gain in entropy of the working substance 
absorbing heat Qi at is SSi=Qi/Ti, The gain in entropy of 
the working substance rejecting heat Q 2 at Tg is SS 2 = 

(the minus sign is used so that this rejection can be written as a gain). 
Thus, 

T~T,- + 

So, for the working substance taken round a Carnot cycle, the alge- 
braic sum of the gains in entropy is zero. This is not a particularly 
important deduction, since the working substance is in its initial 
state again at the end of the cycle, and has not itself changed in 
any observable respect. 

But this can be looked at from the point of view of the whd^ 
system. The source loses a quantity of heat Qi K., and so 

gains entropy SiSj, where S8^ = -QJTi ; the sink gains a quantity of 
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heat Qi at K., and so gains entropy =QzlT^. The total gain 
in the entropy of the combined system of source + sink is 


which is zero. That is, for the whole system on which the Carnot engine 
operates, the algebraic sum of the entropy changes for a whole cycle is zero. 
This is an extremely important deduction for the system as a whole. 

Now, any reversible cycle can be regarded as composed of a large 
lumber of small Carnot 
cycles. For example, the 
ycle of Fig. 127 can be 
egarded as the summation 
)f a large number of cycles 
uch as abcda, d'c'fed' 

'fghe\ and so on, super- 
)osed. For each of thesi 
mall Carnot cycles, th( 
um of the entropy change 
f the system over a com 
ilete cycle is zero ; thus fo 
he whole large cycle, th( 
iiin of the entropy changeo 
f the system must also be 

Fig. 127. — Any reversible cycle as summa- 
' tion of Carnot cycles. 

That is, for any reversible 

\ l ie, the sum of the entropy changes of the system occurring during 
)e complete cycle is zero. 

Thus 



\dS=^0 


If- 


, for a complete cycle. 


The idea of entropy is usually a difficult one to grasp. This is 
ihaps because there seems at first sight to be no need for its 
t reduction. In mechanics, if two bodies of known elastic pro- 
xies collide, energy considerations enable the total kinetic energy 
the impact to be calculated. But the change in the kinetic 
orgies of the individual bodies cannot be calculated at all without 
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using Newton’s Third Law of Motion, most simply by introducing 
momentum, which has the property that the sum of the momentum 
changes of the two bodies is zero. It is not here suggested that 
momentum is the mechanical analogue of entropy. All that the 
two cases have in common is the introduction of some quantity 
related to, but quite distinct from, energy, to aid the solutioa 
of problems on the transfer of energy. 

Entropy and adiabatic lines. No heat enters or leaves a system 
undergoing adiabatic change ; that is, SQ=0 for a small adiabatic 


change; therefore ^=0, and 85=0. So there is no chal^ge in 


entropy during adiabatic change, and the adiabatic lines on the 
p - V diagram (or on any other indicator diagram) are lines of con- 



stant entropy, or isentropics. 
Fig. 128 shows the isothermal 
lines for temperatures Tg, 
and the adiabatics for entropies 
5^, ^ 2 , (measured above any 
arbitrary value of S as zero). 
Moving along the isothermal for 
Ti from A to B to C, the entropy 
changes from 5^ to to at 
constant temperature Mov- 
ing up the adiabatic for from 
A to F to 6r, the temperature 
changes from Ti to to at 
constant entropy 5i. 


Entropy -temperature diagrams. Through any selected point on 
the usual p - F diagram there can be drawn one isothermal line and 
one adiabatic line ; the point, and the state of the system which the 
point represents, can be identified just as precisely by stating the 
value of S and of T for the adiabatic and isothermal w’hich intersect 


there as by stating the values of p and V for the co-ordinates of the 
point. Thus the values of 5 and of T are two co-ordinates which 
specify the state completely, and changes in the state of the system 
can be shown just as well on a graph of T against S (a temperature- 


entropy diagram) as on the usual indicator figure. 

On the T-5 diagram (Fig. 129), isothermals are lines parallel to 
tile 5-axis, and adiabatic lines parallel to the ST-axis. Tli© Carnot 
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*ycle A BCD is represented by 
t rectangular figure. Areas 
Deneath the curve on the 
T-S diagram represent changes 
]i the total energy of the 
jvstem, since dQ==TdS and Tl 
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B 


Isothermal 


> 

Q. 

S’ 

cr 


Isothermal 


thus gives JdO- 

The symbol <f> is frequently 
used for entropy ; and the 
knnperature-entropy diagram 
of the meteorologist is kno’wm 
as a “ <^-gram ” or tephigram. 

Entropy in irreversible cycles. 

For a reversible cycle operating 

between the temperatures and Tg, the efficiency is given by 

Q1-Q2 , .. . , 

— == — and this is the maximum efficiency attainable 

any cycle operating between these two temperatures. For an 

irreversible cycle the value of the efficiency is less than 


Fig. 129. — Temperature-entropy dia- 
gram for Carnot cycle. 


' 1 \ 


Qi 

, where Yj® K. and K. are the absolute temperatures 


between w hich it operates. Considering the 'whole system of source 
at sink at and W’orking substance between these tempera- 
tures, at the end of one cycle the working substance is in its initial 

state, the source has lost entropy dS^ , and the sink has gained 

, entropy dS^ ^ , so the change in entropy dS^ - dS^ is ^ for 

the whole system. 


,As 


zP ^ ^ ^1 ~ ^2 
Qi T, ’ 

. ^2 . 

•• Vl' 


1 _??< 1 
Qy T, 


and 


Q^^Qi 


>i 




Ty’ 

T2 Ti 

I ^fhat is, the change in entropy is positive, or the entropy of the 
''hole system has been increased. This is true of any irreversible 
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cycle, and also of any single irreversible process ; the entropy of the 
whole system increases. 

Entropy in reversible processes. When a quantity of heat hQ 
flows from a body at temperature Tj to a body at temperature Tg, 
it can be imagined that this takes place in a series of infinitesimally 
small reversible stages, so that we can speak of the action as being 
reversible, or we can imagine the transfer to take place with the aid 
of a reversible heat engine. The loss of entropy of the hot body at 

Ti is ^ , and the gain in entropy of the cold body at Tg is 7^ , and 

the gain n entropy of the whole system is 


hQ 

^2 




This is positive, since according to the Second Law of Thermc 
dynamics Ti'> the heat flows naturally without the expend] 
ture of work to cause the transfer. 

As was stated in the last section, this is true also of irreversibl 
processes — ^in fact, the intermediate steps or the mechanism of th 
action have no effect on the value of the change in entropy, which 1 
concerned only with the quantity of heat hQ and the two tempera 
tures Tj and Tg* The important conclusion reached is that 
whenever heat flows from a body at a high temperature to a body a 
a low temperature, which is the direction of flow always indicated b; 
the Second Law of Thermodynamics, the entropy of the system as i 
whole always increases Thus, the Second Law of Thermodynamic, 
leads to the conclusion that any flow of heat between the parts of a self 
contained system always causes the entropy of the system as a whole t( 
increase. 

Entropy and molecular chaos. If a mass of gas is at rest in thcrma 
equilibrium with its surroundings, the final steady state of affair 
can be calculated by statistics. At first sight, since no difference ii 
density or tempeiature can be distinguished for samples, ho\^cvei 
small, taken from different pai-ts of the gas and subjected to ordinan 
experiments, it would be reasonable to suppose that the molecule: 
are distributed with perfect uniformity throughout the space 0 
the container, and that all have exactly the same velocity anc 
kinetic energy. But on looking a little more closely, and considering 
the molecules as individuals, this cannot be true ; for as the mole 
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cules are in perpetual random motion and colliding with one another, 
at any chosen instant a certain fraction of them will be in the act of 
colliding and •momentarily at rest, while they cannot at the same 
time both move with high speed and also preserve a strict uniformity 
of arrangement in space. 

The prediction of the steady state of affairs was made by Clerk 
Maxwell. He showed that, for molecules of mass m, of molecular 
density n per c.c., the number dn with velocities lying between c 
and c + cfc is given by the formula 

dn = 47rn ^2 

V here e is the base of Napierian logarithms and A is a constant (not 
o be confused with Planck’s Constant which has the same symbol). 
Is the kinetic energy of a molecule is this formula also shows 
he way in which the total energy is distributed amongst the 
iidividual molecules. It is known as Maxwell’s Distribution Law. 

The distribution can be represented graphically as follows. 
iVrite for hrnc^ ; then 

dn — n- ~~ dx, and dx. 

Again, putting y for — — yix. 

Jtt n 

The graph of the function y = -7- x^e^^^ when plotted is as Fig. 130. 
dn ^ ^ 

To find the fraction of the total molecules the velocities of 
n 

which lie between c and c -f c/c, take the area of the strip beneath the 
graj)h and the X-axis Ijdng between x and x + dx\ as this area is 

fjdx, this gives the value — . 

® n 

Boltzmann arrived at the same result by a completely different 
ttK‘thod : for he showed that the Maxwell distribution of the 
aulecular velocities and energies is the most probable distribution. 
1 0 see w hat is meant by probability in the thermodynamical sense 
i^ sufficient for our present purpose to understand why one 
distribution should be called more probable than another. If a 
handful of ten coins, all distinguishably different, is thrown into the 
Mr at random, the most probable distribution of heads and tails 
l^hen they land is 5 heads and 5 tails. The reason why this is 
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1-0 1*5 2 - 0 . 2-5 

Fig. 130. — Graph of showing Maxwell’s Distribution. 

Sit 


called more probable than any other is simply because the numbei 
of different independent ways in which the individual coins can be 
arranged to give this result is greatest. The number of ways oi 
getting 5 heads and 5 tails is the number of ways in which a com- 
bination of five distinct events can be chosen from a total of ten 
distinct events. 

10 ! 

This, in the usual algebra notation, is ==252. For six 

10! 

heads and four tails, the number of ways is =210; foi 

10! 

seven heads and three tails the number of ways is ~ tT^I ~ 

10! 

for eight heads and two tails the number of ways is ^ 

and for nine heads and one tail the number of ways is = 10. 

Similarly, the most probable distribution of the velocities amon^ 
the molecules of a gas is that which can be realised in the greatesi 
number of independent ways, each molecule being regarded as f 
distinct individual, and the possession of a given velocity befc^ 
considered a distinct event for each. The number of ways in whicl 
a given state can be realised is a measure of the probability of tha' 
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^•atc. (This is not the same as the ordinary mathematical proba- 
bility in which the number of ways of realising an arrangement 
is divided by the total number of ways of obtaining all possible 
arrangements.) The Maxwell distribution is that which gives the 
greatest possible number of ways of arranging the velocities of the 
molecules amongst the individual molecules, and this is therefore 
tlic state of distribution which has the greatest probability. 

Now consider two perfectly insulating vessels, each containing 
unit mass of the same gas, one vessel, A, being at a high temperature 
and the other, B, at a lower temperature Tg®. The vessels 
are put into thermal communication, being separated by an ex- 
tieniely thin sheet of an extremely good solid conductor. At the 
beginning, from the point of view of large-scale operations, it can 
be said that there is a temperature difference between the two 
halves of the now united system, and that the system has a definite 
entropy. From the point of view of molecular probability, the 
initial state of affairs, with the molecules in one half of the gas 
possessing very much greater velocities and energies on the average 
than those in the other half, is one which could only be realised in 
a relatively small number of different arrangements among all the 
available molecules ; thus it has an extremely small probability. 

At the end, the large-scale observation will be that the whole 
mass of gas is at a uniform temperature T, midw’^ay between Tj 
and 7^2 ; there has been a flow of heat from vessel A to vessel J5, 
and this has taken place in such a direction that the entropy of the 
system as a whole has increased. From the point of view of mole- 
cular probability, the velocities of the molecules will have attained 
the Maxwellian distribution for the temperature T. This is the 
most probable of all the ways in which the total energy available 
can be distributed among the total number of molecules. The 
system has moved from a state of very small probability to the 
state of greatest probability. 

Two quantities have increased during the operation. These 
(1) the entropy S of the system, and (2) the probability of the 
state of the molecules, denoted by the symbol co. 

Can there be any connection between these two quantities? 
Boltzmann suggested that there is such a connection, denoted by 
the relation S 

To find the form of the function /, consider two quite independent 
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systems, of entropies 8^ and 82, in states of probabilities Wi and co^. 
The total entropy of the two taken together is + /S2 > total 
probability of the two distributions, of probabilities coj and cog, 
occurring together is 

Thus /Si =/(o>i), 82 ==f{o)2)y 

and ^i+>S2=/(^i^2); 

so /(«*^l)+/(^^2)=/(^1^2)- ; 

This gives a clue to the form of the function, for the equation is 
obeyed by the logarithms of the a>’s ; thus \ 

log ct>i + log 0)2 — log (0)10)2), or In o)^ + In cog = In (a/icug). ^ 
Boltzmann showed that the relation between 8 and o) must be given 
by the equation /S = In w + constant, where A: is a universal constant 
called Boltzmann’s Constant (k==^JR/N) and the second constant 
depends on the arbitrary zero from which the value of 8 is reckoned. 

It thus seems that a quite definite physical meaning can be 
applied to the intangible quantity entropy. It represents the 
probability, or degree of chaos, or degree of lack of organised 
arrangement of molecular energies. 

This point of view also gives a new meaning to the status of a 
“ law ” in phj^'sics. The Second Law of Thermodynamics is founded 
on observation, and no contravention of it on the large scale has 
ever been observed. But if it were possible to follow the behaviour 
of every individual molecule in a system closely, there would 
certainly be continual small variations from the most probable 
distribution of velocities ; the larger the deviation from the state 
of highest probability the smaller is the probability of its occurrence. 
*There is a small (exceedingly small) probability that in a mass of gas 
at temperature T, all the faster moving molecules may at any 
instant be segregated in one portion of the apparatus, so that one 
part of the system spontaneously rises to a temperature above T. 
But the probability of this occurring is so vanishingly small that it 
is safe to state that it will not be observed. Maxwell imagined that 
this segregation might be performed by a small and very agile being 
(“ Maxwell’s Demon ”) able to distinguish the faster molecules and 
manipulate a fiictionless shutter which allowed them through 
into one part of the apparatus. This is another way of stating 
that the Second Law of Thermodynamics operates in large-scale 
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ctioBS because the odds against its operation are immeasurably 
mall, but that it has no meaning as applied to the fate of a single 
lolecule and may fail for small-scale actions because the odds 
gainst its operation are no longer immeasurably small. 

PROBLEMS USING THE EFFICIENCY EQUATION 

For a Carnot cycle working between the absolute temperatures 
K. and K., taking in heat at Tj® and rejecting heat Q 2 at 

^ 2 °, we have for the efficiency, — ^ = — L . 

Vi 

Here Qi and Q 2 can be measured in any units we please — ^joules 
ir ergs or calories or any other units, providing that both are 
Qcasured in the same units. 

The Second Law of Thermodynamics is involved in the above 

tatement ; for we have seen that it leads to the conclusion that all 

eversible engines working between the same two temperatures have 

he same efficiency. It thus entitles us to say that this equation is 

rue for every kind of reversible heat engine we can imagine. 

If the cycle operates over the small range of temperature between 

r° and T - ST®, taking in heat Q at the high temperature and reject- 

ng heat Q -SQ at the lower temperature, the equation can be 

sg dT 
re-wntten . 

The First Law of Thermodynamics can now be used. If the 
jxternal work done during this elementary cycle be SIT, this must 
exactly equivalent to the net heat absorbed, Sg. If SW is 
easured in the same units as Sg (that is, both in heat units or both 
in work units) we can write 8 IF = 8g, whence 

SW ST 
Q ^ T' 

This equation will be referred to as the efficiency equation. A 
T^at number of simple thermodynamical problems are treated by 
aking the working substance through a small reversible cycle, 
kuilating the heat absorbed at the high temperature and the 
'Xternal work done, and using the efficiency equation in the abovo 
form. Some of the standard examples follow below. 

The First Latent Heat Equation. The curves of Fig. 131 represent 
Wo isothermals of a substance below its critical temperature. The 
line XABY is the curve for the temperature T®, and the line 
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y 


Fig. 131. 


X'DGY* the curve for the 
temperature T At ^ 

and D, the substance is en- 
tirely liquid, while at B and 
C it is entirely vapour. 

Let the saturated vapoin 
pressure of the liquid at T 
and T -ST^ hep and p - 
respectively. 

Let and B^e the 
volumes of unit mkss oi 
liquid and unit mass ol 
vapour respectively ; let L 
be the latent heat of evapo- 
ration of the liquid at 
Starting at Aj take the 


unit mass of liquid round the reversible cycle ABC DA, 


The heat absorbed at T° is the latent heat, so 


Q^L calories. 


The external work done is given by the area of the strip ABCI)^ 
and this is Sp(t’2 - fi) ergs, 

Dv == ^p{'^2 ~ ^i) calories. 

m BT 

““ -q-T 

Bp(v 2 -Vi) BT Bp LJ dp LJ 

7L ^~f’ dT~T{v^-Vj)' 

This equation is known as the First Latent Heat Equation, or the 
Clausius-Clapeyron Equation. 

The equation shows how the variation of vapour pressure ^^iti 
temperature, the latent heat of evaporation, the boiling jioint, anc 
the difference between the volumes of unit mass of hquid an( 
unit mass of vapour are related. We can Compute any one of thea 
quantities if the three others are known. As is alway 

positive, BpjBT is always positive. 

An exactly similar argument holds for the change of state froi 
solid to liquid, and the same equation results. 
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Thus, if T® K. be the absolute temperature of the melting point 
a solid, ST the change in the melting point caused by a change in 
^‘ssure Sp, Vi the volume of unit mass of solid and the volume 
unit mass of liquid, and L the latent heat of fusion of the solid at 
K., then Sp _ LJ 

ST~' T(v^-vj)' 

One important general conclusion emerges from this equation. If 
> Vi, that is, the substance, like wax, expands on melting, then 
I ST must be positive, so that increasing the pressure raises the 
.'iting point. While if Vg < and the substance, like ice, contracts 
melting, 8p/8T is negative, and increasing the pressure lowers the 
.'Iting point. 

The Second Latent Heat Equation. Let be the specific heat of 

If “ is the rate of variation 


c liquid, and 53 that of the vapour, 
latent heat with temperature, and the value of the latent heat at 
K. is L, its value at T - 8T is L 




Still considering Fig. 131, along AB the heat absorbed is L 
[lories, while from B Ui C the heat given out (supposedly at T®) 
.92 ST ; thus ST, 

Passing from C to D, the heat given out is L--^>ST calories, 

hilc the heat taken in as the temperature of the liquid rises in 
Eissing from D to .1 is s^ST, so the total heat given out is 

. <?, = (L-g.8r)-5i8T. 

The total quantity of heat absorbed in the whole cycle (that ist 
iie net absorption represented by SQ or 8 IF in earlier equations) 




dT 
ST calories. 


But, by the First Law of Thermodynamics, this is equal to the 
J^ternal work done, which has been shown (p. 248) to be 8p (Ug ~ 

J’gs or Sp{v 2 -Vi)/J calories; and the First Latent Heat equation 
|ivos, on rearranging, ^ 


T 
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Substitatiiig for , 




dL , . L 

L dL 

«1-«2=77i- 


■m- 


■ A. 

T , dT~~'^ dT^ 

This is the Second Latent Heat Equation, known as the liquation 
of Clausius. 




Surface tension and surface energy. The surface tension V of a 
liquid is defined as the force in dynes acting at right angles to a line 
one centimetre long dra’wm in the surface of the hquid. Ibr all 
liquids a decreases as T increases. 

Imagine a heat engine formed by a film stretched on a frame. 
The film, it must be remembered, has two suii'aces. Let one side 
of the frame be in the form of a wire which can be pulled out by an 
external force or pulled in by the film. Let I be the length of this 
wire. The force exerted by the film is 2al dynes {al dynes for eachi 
surface) and this force must be applied to extend the film. 

At temperature K,^ increase the area of the film by pullin, 
out the wire a distance Sx. The work done by the applied externa 
force on the film is 2al Sz ; the increase in area of both faces togethe 
is SA=^2l Sz, so we can WTite for the work done on the film durin| 
expansion, w'ork done = a 8 A . 

Now reduce the temperature to T - ST, At T - ST, the surfacf 
do" d(T 

tension of the film is a 8 T, where ^ is the rate of varia 

tion of surface tension with temperature. Let the film at thi 
temperature contract to the original area again. 

V 

8rj SAn 

The net external work done by the film ia thus 

SFF = (ff . St) SA - a oA, 

8Tr= 
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The initial stretching was supposed to take place at constant 
mperature T ; let the quantity of heat which must be supplied 
)m without for each square centimetre in order to maintain the 
mperature constant be q ; thus the total heat taken in is Q = g 8A, 
e heat here being measured in work units. 

81^" oT 

Now, Q 


a hA 


T ’ 


A ? = 




da 

dT 


hus the heat supplied per unit area is always positive, since 


da 

dT- 


always negative. Since q is positive and heat must always be 
ipplied to keep the stretching film at a constant temperature, 
)oling must always occur unless this heat is supplied. 

The total work done in producing one square centimetre of new 
irface is a units of work. The heat energy taken in from the 
irroundings to keep the temperature constant is q units of work 
er square centimetre. 

The total energy stored in one square centimetre of surface is 
lUS wE = or + g'. 


>ut 

The quantity 


da ^ rr. da 

It 

E is called the surface energy. 


so 


HEAT ENGINES IN PRACTICE 

Of all the reversible cycles that can be devised, operating between 
W’o given temperature limits and 7^2°, the Carnot cycle is the 
lost efficient. This is because dll the heat absorbed is taken in at 
he higher temperature and all the heat rejected is given out at 

he lower temperature It might be expected therefore that 

al heat engines would aim at operating on a Carnot cycle, or 

pmething closely approaching it. i,- v, * 

I The working substance in a real engine is either water whic is 
^ated in a boiler (the steam engine), or air which is heated by the 
^mbustion of gaseous fuel with which it is mixed (the internal 
imbustion engine), and in neither case is it possible to supply the 
eat which is absorbed at one constant temperature. The tempera- 
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ture of the water is raised in the boiler, and the temperature of the 
air is raised by the combustion of the fuel gas, heat being supplied 
continuously during the rise in temperature in each case. Thus, 
though we can imagine a reversible steam engine, or even (in 
principle) a reversible internal combustion engine, the reversible 
cycle on which it works will be less efficient than that of a Carnot 
cycle operating between the two extreme temperatures, since the 
average temperature at which the heat is absorbed is mucl^ below 
the maximum temperature. The reversible cycle for any kind 
engine represents, as we have seen, the maximum efficiency for that; 
type of engine, and actual engines are therefore compared with their] 
reversible counterparts instead of with the Carnot cycle. 

Rankine cycle. The ideal steam engine cycle is the Rankine 
cycle. The working substance is “ water-substance and not 
exclusively steam, and for a reversible cycle the following chain of 
operations must be considered. Suppose for the moment that they 
all take place in a single ideal cylinder like that of p. 277 with 
suitable source at and sink at Tg®. Then the cycle is : 

1. Supply of heat to tl 
^ 1a ^ 0 tmter, represented by the poi] 

^ y A (Fig. 132) ; the temperatu, 

^ \ of the w^ater is rising (th 

^ \ ^ cannot be shown on the figure 

^ \ \ but its volume is practicall; 

p ^ \ \ unchanged and its pressure 

^ \ constant, hence it is rep 

^ \ sented by a point. 

^ 1 (a). Evaporation of tk 

^ \ water to steam at constant 

^ ^ ^ perature, and its expa 

sion into the cylinder at con 

stant pressure pj, represent' 

1 bv the horizontal line . 1 /^- 

Pig. 132.-Rankmo cycle. ’ 2^ Adiabatic expansion ojt 

steam in the cylinder to the temperature of the sink ; this 
represented by BC, , 

3. Condensation of the steam to water at constarU temperature 
and constarU pressure p^ ; represented by CD. 

4. Omitting the second adiabatic step in the Carnot cycle, replug 
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^ cylin^r on the source, represented by the step DA ; this is a 
crtioai jump, because we are dealing with saturated vapours, and 
je pressure rises fromjpj, the s.v.p. at T° to the s.v.p. at at 
instant volume. 

This differs from the Carnot cycle in the step DA ; for at the 
oint A the water is being raised from T° to T^°, and not taking in 
eat at a constant temperature. 

In this imaginary engine, it is supposed that the cylinder itself 
ndergoes no heat change. In practice, such a simple device 
•ould be unworkable, for the cylinder itself would be of con- 
iderable thermal capacity, and would have to be heated to 
nd cooled to again during each cycle. Hence the water is 
.eated and the steam is generated in a separate boiler at the 
emperature T^, and is admitted to the cylinder through a valve 
ihich is open during the stroke AB ; the cylinder is closed and 
solated during the adiabatic expansion BC ; and at C another 
alve opens, and the steam already at Tj® is swept out of the 
ylinder and condensed to water in a separate condenser at T^. 
I’he cycle of operations is completed by a feed pump which 
■etums the water from the condenser to the boiler ; the whole 
cheme is represented in Fig. 133, which shows an engine designed 
0 take the substance round a cycle. In many actual engines 
e.g. locomotives) the condenser is the outside atmosphere, and 
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the working substance is discarded there instead of being cor 
served. 

Early steam engines, while using a separate boiler, condens 
the steam inside the cylinder ; James Watt’s great contributio 
to the development of the steam engine was the introduction of th 
separate condenser. Even with the separate boiler and condensei 
the supply of heat to, and removal of heat from, the cylinder itsel 
is a source of inefficiency. 

The area of the figure A BCD A of Fig. 132 represents the wor] 
done by the engine in each cycle. In practice, as the steam cool 
a little as it enters the cylinder and as the valves do not Operati 
instantaneously, the angles at ^4, B, C, and D are not sharp, anc 
the curve obtained is of smaller area than that of the ideal curve 
The distance of AD from the axis of p represents the volume of thi 
liquid water, and the shaded area the work done by the feed pumj 
in restoring this to the boiler. 

Simple form of steam engine. Fig. 134 shows the essentials of a 
simple form of steam engine. The piston B is moved to and frc 
in the cylinder A by the steam pressure. The piston rod C and 
crosshead D move in a straight line, while the connecting rod I 
and crank F cause the crank shaft G to make one complete revolution 
while B makes one complete oscillation. A heavy flywheel is 
attached to G to steady the motion. 



Steam from the boiler enters the steam jjhest K dX L, A slidin 
valve Q enables steam to enter the cylinder by the port M when th« 
piston is moving to the right, and by N when it is moving to the left- 
The expanded steam is discharged to the outlet P through iV v her 
the piston moves to the right and through M when it moves to 1 
left. The valve Q is operated by the valve rod R which is worked 
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a small crank on the crank shaft. The expanded steam on 
ssing out through P goes to the condenser, where it is condensed 
water ; from this, the feed pump restores it to the boiler, 
l^his engine really works as if there were two cylinders, one on 
.ach side of the piston. The expansion stroke for the left-hand side 
is the exhaust stroke for the right-hand side, and matters are 
eversed when the piston moves to the left. 

The tracing of the indicator diagram. The cycle diagram of a 
steam engine is traced in the following way. A small cylinder 
ontaining a piston which moves against a spring of suitable strength 
attached in communication with the main cylinder, or with the 
ngine just described, arranged so that it may be connected to either 
xle of the cylinder at will. This piston is acted upon by the steam 
ressure in the main cylinder, and gives a vertical displacement 
hich is proportional to this pressure, p, to a tracing point which 
loves over a paper chart mounted on a drum. This drum follows the 
lotion of the piston in the main cylinder, for it is rotated backwards 
nd forwards by a cord connected to the crosshead or some other 
uitable place ; thus the paper receives a horizontal displacement, 
dative to the tracing point, which depends on the position of the 
nain piston and is proportional to v. The diagram thus obtained 
called an indicator diagram The scale is superposed on the 
liagram, and when this has been done, the indicated work per cycle 
s (‘alculated from the enclosed area as on p. 278. 

Internal combustion engines. Internal combustion engines can 
broadly classified into two types : those in which the fuel is 
rasoous when it enters the cylinder, and those in which it is injected 
IS a liquid. Engines using tovTi gas, special gas, or the vapour of 
etrol or other volatile liquid, belong to the first class ; these may 
" further subdivided into engines in which the fuel is ignited by the 
assage of an electric spark, and those in which the heated cylinder 
^alls together with adiabatic compression produce a high enough 
cnipcrature for ignition ; here only the simple spark-ignition engine 
^ c caisidered. Diesel engines and “ heavy oil engines ” belong to the 
loc'otid class. It is not proposed to treat either class in great detail. 

point here is to show' how the action of each class resembles and 
hh rs from the ideal Carnot cycle. 

1 be ordinary petrol engine draws its heat supply- from the com- 
j>ustion of petrol vapour in the charge of air ; vapour and air are 
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mixed in the carburettor. Suitable medbanim, which will 
described, causes the inlet and exhaust yalves to open and dose 
the appropriate times, and a spark to pass through the conipreaj 
charge at the right moment. 

The usual cycle on which the petrol engine is designed to iror 
has four strokes of the piston to each cycle ; two of these are devote 
to suing the cylinder with a fresh charge of working substance 
B>nd sweeping out the used charge with the burnt fuel, and are no 
really involved in the theory. This is called a four-stroke cycle, ano 

it is known as the Otto cycle. 

Referring to Fig. 185, the 
operations are : 

1. Charging stroke, XC. The 
piston draws in from the car- 
burettor an explosive mixture 
of about 98 per cent, of air 
and 2 per cent, petrol vapour, 
at atmospheric pressure and a 
temperature of perhaps 70° G. 
The charge is dra^vn through g 
inlet valve which closes at ih 
point C. 

2. Compression stroke, CD 
The piston moves inwards an 
compresses the charge adiabati-j 
cally to the point D. The tei 
perature is then about 400" C. | 

3. Explosion and expansion, DA and AB. At D the spark pas: 
and the fuel is burnt very rapidly, supplying heat very suddenly a 
constant volume to the charge and raising the pressure to the poini 
A. The temperature is then about 1800® C. Adiabatic expansic 
then follows, and the piston is driven outwards to the point B. 
this point a second valve, the exhaust valve, opens, the pressure fal 
at once to atmospheric, at C, much of the working substance escapin|| 
to the air. 

4. Exhaust, CX. The piston moves inwards, sweeping tb 
contents of the cylinder out through the exhaust port. 

The cycle of operations is then repeated with a &esh charge < 
air and fuel. 



Fig. 135. — Otto cycle. 

(The charging and exhaust strokes are 
separated vertically for clearness.) 
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I Kemembering that it is the air that is the working substance, and 
at the petrol vapour is simply there as a source of heat which is 
iriiii^hed at an appropriate stage in the cycle, it can be seen that 
^ere is no reason in theory why the air itself should be changed ; 
ad we can imagine a fixed mass of air to be taken continuously 
3 und the cycle ABC DA, with heat supplied at constant volume 
long DA, and the air being cooled at constant volume along BC 
iistead of hot air being swept out and replaced by an equivalent 
mount of cold air at the charging stroke). The cycle ABC DA 
m then be compared with the corresponding Carnot cycle working 
etween, say 70° C. and 1800° C. 

First, the Otto cycle must be less efficient than the Carnot cycle, 
ecause heat is being supplied to the working substance throughout 
he range from 400° C. to 1800° C., instead of entirely at the maxi- 
fiiim temperature. Secondly, it has a very great practical advan- 
age ; for if the air were to be raised to 1800° C. by adiabatic 
ompression before any heat were supplied to it, a much greater 
)ressure than that for the point A would be required, so that the 
^hole engine would have to be made stronger, stouter, and heavier ; 
Iso, this would be impossible with fuel of the petrol type, which 
\ould ignite as if sparked long before so high a temperature was 
cached. It can be seen, however, that the higher the pressure 
lately attainable at D, the more closely does the engine approach 
I the ideal Carnot cycle, and the greater its efficiency should be. 
\lodern motor-car engines are designed to give greater compression 
iian was at one time thought practicable, and modem “ anti-knock ’’ 
^ueLs, which do not ignite until a high temperature is reached, 
enable this compression to be utilised ; hence the improvement in 
efficiency which has enabled the small motor-car to be produced. 

Fig. 130 indicates the operations in a four-stroke Diesel engine. 
This is known as the Diesel cycle. In this, the working substance 
[air) is raised to a very high temperature by adiabatic compression, 
fbe fuel is a heavy oil, much less volatile than petrol. This is 
pjccted in liquid form into the cylinder during the first part of the 
put ward motion of the piston. The rate of injection is carefully 
ontrolled so that the pressure on the piston during the supply of 
is maintained constant. Thus the air is heated at constant 
>rcssure, instead of at constant volume as in the petrol engine. 

The cycle starts with the cylinder full of cold air at atmospheric 
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— Combustion 

D, >- 


Expansion 



Compression 


Exhaust 


Exhaust 


V 

Fig. 136. — ^Diesel cycle. 

(The charging and exhaust strokes separ- 
ated for clearness.) 


pressure. As the piston moves 
inwards, this is compressed ad. 
iabatically from C to the point 
2 ), and at this point the fuel 
is injected. From DtoA the 
burning fuel is supplying heat 
to the air at constant pressure, 
and from .4 to JB the remainder 
of the working stroke takes 
place adiabatically. Ar a 
valve opens and the pr^sure 
drops at once to that of the at- 
mosphere at C, The exhaust 
stroke CE empties the cylin- 
der, and on the return stroke 
EC it is filled with fresh air and 
a fresh cycle starts from C. 

The Diesel cycle, while less efficient than the Carnot cycle, is more 
efficient than an Otto cycle working between the same temperatures. 
Practical advantages of the Diesel engine include its economy of 
fuel, and the fact that it runs on crude oil. On the other hand, 
Diesel engines are heavier than petrol engines of comparable horse- 
power, and a separate fuel pump to inject the oil into the cylinder 
at high pressure is required. 

Refrigerators. A refrigerator is a heat engine working backwards, 
or expending work in order to transfer heat from a cold body to one 
at higher temperature. If a quantity of heat Q2 be abstracted by 
a reversible machine from a cold body at temperature T 2, and a 
quantity Qi be transferred to a hot body at temperature Tj, the 
difference - Q2 represents the mechanical work absorbed in 
driving the refrigerator. The coefficierU of performance of the 
refrigerator is the ratio of the heat abstracted to the work supplied 
from without to operate the machine, and is thus equal to 


^2 


or as 


Qi 


T, 


to 


Tr-T2 


The' coefficient of performance is thus greatest when Tj - T2 is as 
small as possible. 
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QUESTIONS ON CHAPTERS VI AND VII 

1. Explain the following terms : “ adiabatic expansion of a gas ”, 

‘ reversible heat engine ”, “ Carnot cycle ”, “ thermodynamic scale of 
.cmperatnre (O.S.) 

2. A compressor driven by an electric motor is used to fill a cylindrical 
■ml?: with air compressed to 10 atmospheres pressure. Calculate the 

energy expended in kilowatt-hours if the tank is 9 metres high and 
t metres in diameter. 

(One atmosphere = 10 « dynes/cm.® ; 1 joule = 10’ ergs. Assume the 
notor and compressor are perfectly efficient.) (C.S.) 

3. What conditions must be laid down in order that a satisfactory 
cnlc of temperature may be established? Illustrate your answer with 
eforence to (a) the mercury -in -glass scale, (6) the platinum resistance 

lie, (c) the Kelvin scale. (C.S.) 

4. Discuss the effect of changes of pressure on the melting point of 
solid and on the boiling point of a liquid. Deduce an expression for 

change in the boiling point due to a small change in pressure. 

Tlie specific volume of steam at 100° C. and 76 cm. of mercury 
| 3 ressure is 1,601 c.c. per gram, an<l the latent heat of vaporisation of 
Rater 536 calories per gram. Find the change in the boiling point of 
j^ater due to a change in pressure of 1 cm. of mercury. (C.S.) 

5. Distinguish exactly between the meanings of the three following 
Statements : 

(а) Heat is put into a substance. 

(б) The temperature of a substance is raised. 

(c) Work is done on a substance. 

Indicate the relations between thcvse statements by considering 
Ja) a gas in a cylinder, (5) melting ice. (C.S.) 

(>. Deduce an expression connecting the pressure and volume of a 
Kas in an adiabatic change. 

A litre of hydrogen at 27° C. and 10® dynes per sq. cm. pressure 
fexpands isothermally until its volume is doubled and then adiabatically 
ntil it is redoubled. Find (a) the final temperature and pressure of 
Ihe gas, (6) the work done during each expansion. 

(J)»-* = 0-76; ]og„ 2 = 0-693.) (C.S.) 

7. What is meant by a “ reversible cycle ”? Show that no engine 
l^'oi king between two limits of temperature can be more efficient than 
rt'versible one. Discuss the modern tendency to use internal corn* 
j)ustion engines in place of steam engines from this standpoint. (C.S.) 

How much of the specific heat of hydrogen at constant pressure 
Is duo to the external work done in expansion? 

(i g. of hydrogen at standard temperature and pressure occupies 
ll'2 litres. Specific gravity of mercury = 13*6, <7 = 4*2 x 10’ ergs/cal.) 

(C.S., part question*) 



306 


A TEXT-BOOK OF HEAT 


9. Calculate the work done on 1 litre of helium under a pressure o 
1 atmosphere, when it is compressed adiabatically to a pressure o 
10 atmospheres. Assume that it behaves as a perfect gas, * 

(1 atmosphere = 10* dyne cm.**; Cj, = 5 and C,, = 3 calories pe: 
gram-atom.) (C.S., part question. 

10. What is meant by a reversible change? Give two examples. 

Describe a Carnot’s cycle, and show that the efficiency of a heai 

engine working between two given temperatures is a maximum whor 
the engine is reversible. (C.8. 

11. Explain from the energy point of view the modes of action oi 

two of the following : (a) a steam engine, (6) a petrol motor, (c) a re. 
frigerating machine. i (L.) 

12 Explain the factors which govern the efficiency of a heat engine, 
illustrating your answer by reference to a Carnot engine and a. steam 
engine. 

To what extent may an internal combustion engine be regarded as a 
heat engine? Why does the efficiency of a petrol engine increase \^ith 
increasing compression ratio ? (O.S.) 

13. Supposing that there were many liquids as common as wator, 
what would be the properties of a liquid selected as the working fluid 
in the boilers of a power plant? 

To what extent does water po.'^sess these properties ? (0.»S.) 

14. Explain as well as you can why a condenser makes a steam engine 

more efficient. (O.y.) 


15. State the Second Law of Therraodjmamics. 

A power station driven by an ideal heat engine has to supply on the 
average each consumer with 3 h.p., and 10 kw. to be used for hoatin^^ 
Discuss whether there will be an increase in thermal efficiency if the 
power station raises the temperature of its condenser from 17" C\ to 
78*^ C. and supplies heat directly to the consumer as exhaust steam. 

(Boiler temp., 117^ C. ; 1 h.p. = 746 watts.) (O.^.) 
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LIQUEFACTION OF GASES AND PRODUCTION AND 
MEASUREMENT OF LOW TEMPERATURES 

Introduction. In general, there are two ways in which a gaseous 
jbstanoe may be liquefied. The first is to cool the substance to 
clow its critical temperature, and apply a sufficiently great 
ressure ; the liquefaction of chlorine by Faraday (1823) and carbon 
ioxide by Thilorier (1835) were early examples of this method, 
he second method is to cool the gas to a temperature below its 
ormal boiling point, when it will become liquid at atmospheric 
ressure. 

There are three chief ways in which a gas can be cooled. These 
re (a) directly, by passing it through a tube immersed in a cold 
quid or surrounded by a stream of cold gas, or by some similar 
leans, (6) allowing it to expand adiabatically, either in a single 
xpansion or in an engine arranged to deliver mechanical work, 
nd (c) causing it to expand freely through a valve from a high 
ressure to a low pressure (the Joule-Kelvin effect), which causes a 
Doling if the initial temperature is below the Joule-Kelvin inversion 
iinperature. 

The following table gives a list of the important temperatures for 
he chief permanent gases. 


Gas. 

Normal 
boiling point. 

Freezing 

point. 

Critical temp. 

Jonle-Kelvin 
inversion 
temp., approx. 

Oxypon 

183® C. 

- 227° C. 

118'’C. 

/ above ordinary 

Nitrogen 

196® C. 

-211°C. 

■146®C. 

\ temperature. 

Hydrogen 

263® C. 

-269®C. 

241° C. 

-80°C. 

Helium 

268-7° C. 

— 

■268®C. 

-243°C. 

Argon 

186® C. 

-188®C. 

•117®C. 
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The following are the commoner refrigerants : 


Substance. 

Normal B.P. 

Critical Temp. 

Ammonia - - - 

~33-6°C. 

133° C. 

Sulphur dioxide 

-8° C. 

166*4° C. 

Carbon dioxide 

- 78-2° C. 

30*9° C. 

Ethylene - - - 

- 103° C. 

10° C. 

Methyl chloride 

-241 

— 

Methane ... 

- 164° C. 

- 82° C. 


Early work on liquefaction of oxygen. In 1877, oxyg^ was 
liquefied by Cailletet and by Pictet, working independently\ along 
somewhat different lines. 

Cailletet's method w^as to cool oxygen, compressed to 400 atmo. 
spheres pressure, by means of liquid sulphur dioxide ; the pressure was 
suddenly released, and the resulting cooling by adiabatic expansion 
caused a mist of liquid oxygen to appear in the experimental tube. 

Pictet introduced the method of cascade cooling, using volatile 
refrigerants. The evaporation of liquid sulphur dioxide was used 
to cool carbon dioxide to such an extent that it readily liquelBed 
under pressure ; the evaporation of this liquid carbon dioxide was 
then used to cool oxygen down to - 140® C. (which is well beloM' 
the critical temperature of oxygen, - 118® C.), at w hich temperature 
it could be liquefied under a pressure of 320 atmospheres. Pictet 
generated oxygen in a steel retort a (Fig. 137), connected with a steel 
tube c w hich w as surrounded by a copper vessel d. Carbon dioxide 
was condensed by means of the pump / into and allowed to flow 
through the tube c into d, w here it was evaporated by means of the 
same set of pumps. The system dfge formed a closed circuit. The 
liquid carbon dioxide solidified in d, and the temperature reached 
by its volatilisation W'as - 140® C. The carbon dioxide was cooled 
and condensed by means of sulphur dioxide, w^hich was circulated 
through a similar closed system connected with the condenser A. 
After working for many hours, the cock b was opened, and the 
pressure, which had risen to 320 atmospheres, was allowed to fall 
suddenly, producing an even greater degree of cold. On tilting the 
apparatus, it was seen that liquid oxygen was actually present. 
In Pictet’s experiment, much of the liquid was produced as the result 
of the final expansion. The continuous production of liquid oxygen 
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produce a very considerable fall in temperature, aided by the 
Joule-Kelvin efEect. In both classes it is necessary to start 



Construction of a Hampson liqueher. A 
portion of the coiled heat exchanger can 
be seen. At the right, expansion valve as 
used in this apparatus. 

Reprodfieedjrom the Saimce Mutevm Handbook, 
“ Very Low Temperature.t ”, by permmion 0 / tM 
Controller of U. M. Utationery Office, 


with the air freed from water 
and carbon dioxide, whict 
would solidify and clog the 
system. Both use 

a continuous circulation 
system with regenerative 
cooling ; by this means, air 
which has expanded and 
escaped liquefaction fithough 
very considerably coaled) is 
caused to flow rouiid the 
metal tube taking the stream 
of air towards the expansion 
device. Such an arrangement 
is called a heat exchanger. 

Hampson process. The 
circulating air enters a com 
pressor and, after passing 
through a water bath which 
removes the heat generated 
by compression, passes to the 
exchanger. 

Air at a pressure of lo() 
atmospheres is allowed to 
expand through a valve to a 
pressure of one atmosphere; 
there is a cooling due to the 
Joule-Kelvin effect. The 
expanded air passes back t( 
the compressor through £ 
heat exchanger, cooling thi 
incoming air. After thi 
apparatus has been workinj 
for some time, a temperatup 
of about - 188 ® C. is attliir 
at the valve ; at this stag* 
the expandinggas is liquefied 
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atm.\20oc. 


Fig. 138 shows the scheme of the process. y 

etails of the apparatus are intentionally compressor 

mitted from this and the succeeding dia- ( 

rams, which should be regarded as rather of 750 
le same nature as electrical circuit diagrams. ^ 

A small apparatus of the simple Hampson | 
yrpe produces about a litre of Uquid air per ^ 

our ; it is useful where only small quantities S 

f liquid air are required. 

Linde process. The chief feature of the a 

.inde process is that the closed circulating I I 
V stem is at a high pressure. The air passing 
hrough the valve expands from 150 atmo- 
pheres to 40 atmospheres ; consequently, / 
n returning to the compressor it has to be / ^Vafue \ 
ompressed from 40 atmospheres to 150 I j 

tmospheres, instead of from 1 to 150 
trnospheres. 

Now, the work done in compressing a Scheme of 

^ - , . « . Hainpaon process. 

;iven mass of gas from to P 2 is a function 

)f the ratio p^tpi ] under isothermal conditions, for example, it is 
)roportional to In P 2 IP 1 J the fall in temperature produced when a 
IS expands from pg ^ Pi freely through a valve is proportional to 
P 2 ~Pi). The Linde process cuts down P 2 /P 1 from 150/1 to 150/40 
-that is by a factor of 40. Note that this does not mean that 
)rily 1 /40 the external work is needed ; if we assume isothermal 
onditions, w hen logarithms are taken, the ratio of the “ Linde 
tNork ” to the Hampson work for a given mass of gas comes 
about 0*26. On the other hand, the fall in temperature lor 
pressure difference of (150 -40) = 110 atmospheres is 110/150, 


7 atm. 


Fio. 138.— Scheme of 
Hainpaon process. 


)r 0-73, of that for a difference of 150 atmospheres. Although 
iihese figures involve simple assumptions, perhaps not closely 
applicable to the actual process, it does look as if the Linde 
process, giving about f the cooling for about i the work, is making 
for greater efficiency and economy in working. Still greater 
^ificiency is obtained by pre-cooling the incoming gas by liquid 
tmrnonia ; this is not essential, though as wdth the Hampson 
process the heat generated by the compressor must be removed 
efore the gas passes into the interchanger. 
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FlO. 139. — Scheme of Linde process. 


removed from the reservoir R 


Kg. 139 gives a “ circuit dia 
gram of the Linde process. Th 
pump Pi takes in air at on 
atmosphere pressure and com 
presses it to 40 atmospheres ; bu 
this compression from one atmc 
sphere is not continually operatic 
on air in circulation ; the purpos 
of Pi is to replace the am whic] 
is removed from circulation h] 
liquefaction. The ciriulatin| 
pump Pg compresses the\air ir 
the high-pressure circuit from 4( 
atmospheres to 150 atmospheres 
The compressed air, after cooling 
in the ammonia bath Ei, passes 
through the exchanger Pg* 
expands through the valve Fj, 
becoming liquid at a pressure ( 
40 atmospheres and a tempera- 
ture of - 183® C. That part 
the air which is unliquefied 
streams up through the exchang 
Pg back to Pg at 40 atmospheres, 
to be compressed up to 150 at- 
mospheres again ; that whicl 
has liquefied is replaced by 
fresh air from Pj. The liquid is 
by opening the tap F 2 ; the 


reservoir Pg contains liquid air at -188®C. and one atmospherej 


pressure. 

Claude and Heylandt processes. In both these processes, part 
the air supplied is cooled by adiabatic expansion in the cylinderj 
of an engine which is actually performing external work. T1 
air thus cooled streams up the exchanger, cooling the remaindet 
of the air, which then expands through a valve as in the LinA 
process. 

Kg. 140 shows the circuit of the Claude process. Air is co®' 
pressed to 40 atmospheres by the pump P» and after cooling in ^ 
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Fig, 140, — Claude process. 


jxchanger is divided into two streams ; 80 per cent, of the 
lir goes into the expansion engine, and is cooled to - 80® C. in 
loing external work. It then flows up the exchanger where 
cools the other 20 per cent, to - 80° C., and finally returns 
the intake of the compressor. The part below E^ is really an 
linary Hampson liquefier. The direct 20 per cent, stream 
xpands through the valve F, and part liquefies and collects in 
while the remainder passes up the exchanger E^ to cool the 
pcoming air. 

In the Heylandt process, the initial pressure is 200 atmospheres ; 
► per cent, of the air is expanded in the engine and 45 per cent, in 
jic valve ; the exhaust temperature of the engine is ~ 125® C. 
part from these quantitative differences, it is identical with the» 

aude process ; it is slightly the more efficient of the two. 
n.h. 


X 
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Comjiarison of the Efficiencies of Liquid-Air Plants in Kilowatt-Hours 
Required to Produce one QalUm of Liquid, 


Process. 

kwh. per gallon liquid 
air. 

Hampson ----- 

10-3 

High-pressure Linde, no pre-cool- 
ing - - o - - - 

60 

High-pressure Linde, pre-cooled 
with ammonia 

3*5 

Claude - - - - - 

3-6 

Heylandt - - - - - 

3 2 

Keesom’s triple cascade 

2 04 


The Joule-Kelvin effect is what is called in thermodynamics ai 
irreversible process. It is showm in dealing with heat engines 
that the greatest possible efficiency is attained in a compleh'lj 
reversible process. The performance of external work by adiabati( 
expansion is in theory reversible, since the application of a suitable 
amount of external w^ork compresses the gas again. The cascade 
system also consists of reversible stages. It might thus be expected 
that the last three processes, w^hich involve operations which are 
nearly reversible, would be more efficient than the completely 
irreversible process. 

SEPARATION OF THE CONSTITUENTS OF THE AIR 

The air contains about 78 per cent, by volume of nitrogen, 21 per 
cent, of oxygen, and nearly I per cent, of inert gases comprising 
argon (0-93 per cent.), neon (0*00015 per cent.), helium (0*000014 per 
cent.), and very much smaller quantities of krypton and xenon 
Pure oxygen, nitrogen, argon, and neon are obtained from the air 
on a commercial scale. Oxygen, which is by far the most valuable 
of these products on account of its many uses in industry, medicine, 
and warfare, is sometimes prepared with a fairly high percentage of 
nitre^n and argon ; for many purposes this is quite satisfactory, 
the other hand, for some purposes, such as-oxyacetylene cutting, sn 
quantities of argon are injurious and must be removed. Nitr 
for long considered a waste product, is now used in the syi^te^^ 
ammonia industry. Argon is used in gas-filled electric lamps, 
hinder evaporation of the filament ; as an inert gas it exerts ) 
chemical effect, and as a monatomic gas of frurly high molecu 
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it is a fairly good thermal insulator. Neon is used in 
lischarge tubes and lamps. Helium is not extracted from the air 
3 n a commercial scale, as better sources are available. 

The boiling point of argon ( -186® C.) is intermediate between 
those of oxygen { - 183® C.) and nitrogen ( - 196® C.), consequently 
special steps have to be taken for its separation. Helium and neon 
remain gaseous when the other constituents are all liquid, as their 
boiling points are very low. 

Jn commercial plants for the production of oxygen, the rectifier 
(based essentially on the fractionating column described on page 224) 
is assembled as part of the liquefying plant. In particular, the heat 
exchanger is arranged so that the incoming air provides the latent 
heat needed for the evaporation of the liquid. 

Fig. 141 shows the Linde double column, devised in 1910. It 
onsists essentially of two fractionating columns. The pressure in 
the lower part B is about 5 


nospheres, and that in the 
per part G a little above one 
nosphere. The two columns 
3 separated by a condenser, 
which the cooling effect of 
uid oxygen in the top column 
used to condense nitrogen 
ider pressure in the lower 
lumn. At the base of the 
column there is an accum- 
ation of liquid containing 
out 40 per cent, of oxygen. 
Cooled compressed air from 
e heat exchanger is liquefied 
the coil A immersed in the 
luid bath at the base of the 
essure column B, and after 
Tension at the valve C is 
Imitted to about the middle of 
hi^di -pressure column. It 
down the column from 
ate to plate, to the bath at 
hcitom. The vapour from 



Fio. 141. — Linde double oohumu 
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this bath of liquid boiliug at the base of B passes up through B, a jid 
by the time it reaches the condenser tubes D at the top consists of 
practically pure nitrogen. The pressure in the lower column is 
great enough to allow this nitrogen to condense in the tubes, wliich 
are cooled on their outsides by liquid oxygen boiling at slightly 
above atmospheric pressure. About half the liquid nitrogen so 
produced flows backwards down the high-pressure column, to wash 
oxygen from the rising vapour, while the other half is expanded to 
the top of the upper column O through the valve E, Tl^e liquid 
condensing at the bottom of the pressure column has 40 percent, of 
oxygen, and is sent to a suitable point in the upper columri,. Pure 
liquid oxygen collects at the bottom of (?, and about a fifth of the 
vapour coming from the boiling liquid is conducted away from / 
through a heat exchanger which cools the incoming gas ; 
vapour constitutes the output of the plant. 

It has been realised of recent years that the handling and transport 
of gaseous oxygen is most uneconomical. In an ordinary oxygen 
cylinder, the gas itself is only a very small fraction of the weight of 
the container. It is now possible to handle liquid oxygen without 
great evaporation loss. Suitable containers are large spherical 
copper vacuum vessels with very long necks, the space between the 
walls being well polished, highly evacuated, and containing charcoal 
which, at the temperature of liquid air, adsorbs any residual gas 
in the space, making a practically perfect vacuum. Such a vessel 
with a capacity of 25 litres loses only about 5 per cent, of its j 
charge per day by evaporation. With larger vessels, since 
proportion of surface area to volume decreases as the voluir 
increases, the need for perfect surface insulation is less ; suckl 
insulators as slag wool and magnesium carbonate are used insh 
of vacuum insulation for large cylinders holding several thous 
litres. The evaporation loss is only 2-3 per cent, per day. Muchl 
of the commercial oxygen supply is (or will be) transported as liqui 

For the manufacture of liquid oxygen the French Sociite 
Liquids uses a Linde double-column rectifier in conjunction with 
Claude liquefier. Fig. 142 shows the circulating system. Con] 
pressed air at 150 atmospheres is cooled to - 30® C. in the to 
exchanger F. Four-fifths of the air is then expanded in the eng’ 

E, leaving ‘^t at - 166® C. and 4 atmospheres pressure, whence i 
(Masses directly to the high-pressure column B of the double-eolu 




Fig, 142. — Liquid oxygen plant. 

ctifier. The remainder of the compressed air is further cooled 
I) and liquefied by the issuing nitrogen, to be then introduced at 
suitable level A in the high-pressure column. Liquid oxygen, 99*5 
T cent, pure, is w ithdrawn from the base of the upper column, while 
trogen drawn from the top of this column cools the incomings 
ream of air. The yield of such an apparatus is about 300 litres 
?r hour, and the energy consumption about 4 kwh. per gallon of 
quid. 

Separation of the inert gases. A suitable fractionating column 
in be designed so that the argon is collected with the oxygen, its 
filing point being only a few degrees lower. The argon is then 
‘parated from the oxygen by fractionation. 

Helium and neon are collected with the nitrogen in a liquid oxygen 
lant. The nitrogen is removed by passing the mixture under a 
cssure of 50 atmospheres through a bath of liquid nitrogen ; this 
^iKos the nitrogen in the mixture to liquefy. The boiling point 
I helium is - 269° C. and that of neon - 233° C. ; that of hydrogen 
“ 252-5® C., so that if the mixture of helium and neon is cooled 
liquid hydrogen the neon condenses, leaving the helium still 
pcous. 
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I The cold accumulator. Soini 

modem plants producing oxy 
gen of “ commercial ” purib 
employ “ cold accumulators ’ 
instead of coaxial tube hea 
interchangers. A typical cole 
accumulator is a pair of ver 
tical lagged towers, eac^ aboui 
10 ft. high, filled withfli tons 
of thin aluminium foil in the 
form of spirally wound strip? 
of corrugated sheet packed 
one above the other. At first 
(heavy’^ lines), the incoming 
stream of air passes through 
one, say A (Fig. 143), w hile the 
exhaust stream of very cold 
air from the plant passes 
through the other, B, which 
it cools to a very low temper- 
ature, removing heat from the, 

Fio. 143 . — Cold accumulator. After 2 minutes, the 

connections are reversed (thin 
lilies) by suitable taps so that the incoming air passes through S, 
giving up heat to the very cold foil, w hile the exhaust stream cools 
A, !^versal takes place every two minutes. The result is, of 
course, exactly^ the same as with an exchanger ; the outgoing cold 
stream is the means of removing heat from the incoming stream. 

The cold accumulator has two great advantages. First, only a 
very small pressure head is needed to drive the gas through it, an 
secondly, there is no need for preliminary purification. Ice and 
carbon dioxide are deposited on the foil by the incoming stream ; thi 
sublimes off into the outgoing stream during the “ cold ’’ period. 

HYDROGEN AND HELIUM 

Liquefaction of Hydrogen. The critical temperature of hydr 
is - 241® C., which cannot be attained by any independent < 
agent, so the Joule-Kelvin effect is the only way of liqnef^ 
hydrogen. The temperature of inversion (for moderate 
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,ressures) is - 80® C. : below 
his temperature hydrogen 
4 cooled when it expands 
reely through a valve ; it 
? necessary to pre-cool the 
as below the inversion tern- 
era ture before expansion. 

Ill Kamerlingh Onnes’ 
lydrogen apparatus, the 
cheme of which is outlined 
Fig. 144, the hydrogen, 
irst carefully purified, is 
assed through a bath of 
iquid air boiling imder re- 
luoed pressure, giving a ^ 
emperatiire of - 208° C. - 

phe hydrogen, at 150 atmo- 

nlieres pressure, expands Fig. 144 , — ^Hydrogen liquefaction, 

ough a valve to a pressure 
me atmosphere and is liquefied. The hydrogen must be free from 
rgen and nitrogen, as well as other impurities ; otherwise there is 
: risk of the plant being blocked by solid oxygen or nitrogen, with 
ultiiig risk of explosion. This is the main reason for purifying 
gas, for the liquid hydrogen is usually required to produce 
ow temperature rather than for its chemical purity. For this 
son Kapitza in 1932 designed a modified form of Onnes apparatus, 
which a small quantity of very pure hydrogen is kept circulating 
uid the system, and produces a bath of liquid hydrogen. Com- 
rcial hydrogen is then liquefied under pressure in a container 
mersed in this liquid hydrogen. The commercial hydrogen is 
nvn off as required for cooling purposes. 

Solidification of hydrogen. Solid hydrogen is obtained by using 
3 cooling effect wdien the liquid is boiled under reduced pressure. 
0 same method will solidify all the permanent gases except 
Inmi, for which a different method has to be employed (see 

Helium, The temperature of inversion of the Joule-Kelvin 
for helium is about ~ 240° C. ; the gas was first liquefied 
Harnerlingh Onnes using the same method as for hydrogen, 
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but pre-cooling down to - 268® C. by means of a bath of hydrogei 
boiling under reduced pressure. 

Kapitza used a modification of the Claude process, in which th( 
expansion engine was designed with a special grooved piston foi 
which no lubricant was necessary. The purified gas was compressec 
to about 30 atmospheres and pre-cooled by passing through a batli 
of liquid nitrogen at about - 208® C. ; part then passed to the 
engine, and after expansion left at a temperature of ~ 263® C. This 
cooled the remainder on its way to the expansion valve, whicli 
liquid helium was produced. An advantage of this methoc^ is that 
liquid hydrogen is not required as an accessory. 


Two recent processes devised by Simon for the 
2 1 1 1 0 production of small quantities of liquid helium 

gro 22 Z 5 7222zA es are of interest. The first method, that of adia- 
batic expansion, is indicated in Fig. 145. The 
S vessel contains the helium to be liquefied, 

r 7 r 7 7 - 7 under a pressure of 150 atmospheres. The outer 

chamber i? 2 , when filled with helium gas, 
maintains thermal contact between and the 

Uw-i surrounding bath of liquid hydrogen, which is 

kept boiling under reduced pressure by the 
P application of an exhaust pump to the outlet 

j O. When is evacuated through 2, 

1^2 ^ vessel is perfectly insulated from the bathj 

JJ The helium in i?i is then allowed to exp 

suddenly, and the fall in temperature suffia 
Fig. 145 . — Simon’s to liquefy the gas. The adiabatic condition ii 
adiabatic e^ansion good thermal insulation rathi 

than the rapidity of the expansion. The whoi 
apparatus is made of metal to withstand the large pressurj 
differences. 


The second method employs a new principle, that of adiaba: 
desoyition. When a gas is adsorbed on a solid surface, heat 
liberated — ^an effect analogous with the evolution of latent hea| 
when a vapour condenses. So when adsorbed gas is removed 
“ desorbed ”), this must result in the removal of heat from 
surface. The apparatus is indicated in Fig. 146. The vessel 
contains the helium to be liquefied ; the chamber R^ coni 
charcoal, and helium gas can be introduced through the 
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,liich also serves for its removal by a vacuum pump. The sur- 
ounding vessel is filled with helium when it is required to place 
he inner vessels in thermal contact with the surrounding bath of 
[quid hydrogen boiling under reduced pressure, and is evacuated 
rhen they are to be insulated. 

The sequence of operations is then as 
ollows. The vessel Ri is full of helium ; 

is supplied with helium which is 
dsorbed on the charcoal, liberating heat 
rhich is conveyed outwards through jKg, 
vhich also contains helium to conduct 
his heat away. The vessel is then 
■vaouated, so that R 2 and B^ are now 
iisulated. Next, the vacuum pump is 
ipplied to 2 to remove the adsorbed 
iclium from The fall in temperature 
3 roduced is sufficient to liquefy the 
lelium in B^, 

Properties of liquid helium. On cooi- 
ng liquid helium at ordinary pressures, 1^6.— Adiabatic desorp- 

„ tion method for helium, 
iamerlmgh Onnes observed no sign of 

olidification. It has been established that a transformation to 
lother form of the liquid takes place at a temperature of 2-186® K., 
hich is called the A-point. Above 2-186° K., the liquid is Helium 
below this temperature, Helium 11. The two forms are strikingly 
itferent in physical properties ; helium II has a smaller density, 
•eater latent heat of evaporation, and smaller surface tension, 
bservers have stated that the viscosity is exceedingly low, and the 
te of flow through tubes practically independent of the pressure 
idcrence. Helium II has an extraordinarily high coefficient of 
ernial conductivity — 190 e.G.s units, as compared with 0-9 for 
pper ; but this only persists for temperatures above 0-5° K. It 
s been suggested that the very low viscosity of the liquid may 
ve some bearing on this abnormal figure, 
l^aimt and Mendelssohn {Nature.y Nov. 12, 1942) point out the 
ibing analogy between the flow of helium atoms practically un- 
ndered by viscous resistance at this very low temperature in Helium 
^bd the phenomenon of electrical superconduction, (p. 325), when 
travel through a material unhindered by electrucal resistaMC. 
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Solid helium was first obtained by Keesom, who subjected liqni 
helium to high pressures. The solid is obtained at a pressure c 
250 atmospheres at 4-2® K, Further experiments showed that at 
high enough pressure, solid helium could be obtained in equilibriur 
with the vapour at temperatures well above the critical temperatur 
of the gas ; at 5800 atmospheres, solid helium is obtainable at 
temperature as high as 42® K. ( -231® C.) ; the critical temperatur 
is about 5® K. ( -268® C.). Other gases have since been observer 
to behave in a similar way, hence it must be assumed ttat th 
critical temperature applies only to the liquid- vapour changel Tha 
is, the substance cannot exist in the liquid state at all ab^e tb 
critical temperature ; but it may, if sufficiently great pressure i 
applied, exist in the solid state above this temperature. 

PRODUCTION OF EXTREIVIELY LOW TEMPERATURES 

When any magnetic material is magnetised, external work ii 
done on the specimen and this results in a rise in temperature 
Similarly, when a substance is demagnetised, there is a correspond 
ing fall in temperature. This is kno'W’n as the magneto-calorii 
effect. Very low temperatures, within a very small fraction o; 
a degree of absolute zero, have been obtained by demagnetising 
samples of suitable materials adiabatically — that is, in an isolatec 
thermally insulated space. 

^ . intensity of ma^etisation of specimen 

e ra lo intensity of magnetising field 

for any material is called the susceptibility of the material, x 
Substances can be classified as paramagnetic (magnetisation in same 
direction as magnetising field, x positive) and diamagnetic (mag- 
netisation in opposite direction to field, x negative) ; a few ferro- 
magnetic materials such as iron, nickel, cobalt, exhibit very great 
susceptibility below a certain temperature called the Curie point, 
different for each substance, but above this temperature behave 
as ordinary paramagnetics. The susceptibility of diamagnetic 
substances is independent both of the field strength and the tern- 
perattupe. The susceptibility of paramagnetic substances docs not 
depend on the field strength, but does depend on the temperature. 

For paramagnetic substances, the relation between susceptibility 
X and absolute temperature T is given by the relation x==^/^' 
where C is a constant. This is known as Curie’s Law* 
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Thus, at very low temperatures the susceptibility of paramagnetics 
s very considerably greater than it is at ordinary temperatures. 
The size of the magneto- caloric effect also increases as the initial 
emperature is lowered. 

In 1926, Giauque and Debye suggested that if paramagnetic salts 
obeyed Curie’s Law at the temperature of liquid helium, the cooling 
yiven by adiabatic demagnetisation should be quite large. In 1931, 
Siauque and McDougall reached a temperature of 0*25° K. using 
cradolinium sulphate, and de Haas, Wiersma, and Kramers reached 
).0034° K. using a mixture of chrome-potassium alum and 
aluminium-potassium alum. For the substances chosen, x changes 
rapidly with the temperature. 

Fig. 147 gives a general outline of the apparatus used in these 
experiments. The specimen A is held in the chamber B, which 
can be filled with helium or evacuated. A test coil surrounds B : 
this coil is connected in one arm of a a.c. bridge, so that its self- 
inductance can be measured. The whole is surrounded by liquid 
helium in a vacuum vessel, which is surrounded by another vessel 
ontaining liquid hydrogen or liquid nitrogen. A powerful electro- 
nagnet provides the magnetising field. 

The procedure is to fill B with helium gas to maintain thermal 
ontact with the outer bath. The 
^itial temperature is of the order 
l- 2-1-5°K., depending on the pres- 
ture above the liquid helium. The 
pccimen is then magnetised in a 
eld of the order of 10,000 oersted. 

Tlie heat evolved during the mag- 
etisation is conducted away by the 
elium gas in B. Next, the chamber 
is evacuated. Finally, the mag- 
netising field is switched off. 

The method of estimating the 
emperature reached is interesting, 
t'he self-inductance of the test coil 
depends on the value of x 
f'cimen inside it ; and if the Curie 
holds, T is proportional to 1/x, 

^hic*h is found from the a.c, bridge 



Fig- 147. — ^Adiabatic 
demagnetisation. 
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reading. It is usual in this work to record temperatures on the 
Curie Scale (defined by the relation x = C'/T), and denote them by 
the symbol T*. In the absence of any independent check on the 
validity of Curie’s Law at extremely low temperatures, it would be 
reasonable to question whether these low temperatures are actually 
attained or not, but the Curie Law does hold, and the Curie and 
thermod 3 mamic (Kelvin) scales agree, over the region for which 
experimental tests have been made. 

Measurement of veiy low temperatures. The following teitnpera. 
tures have been established as additional subsidiary fixed points on 
the International Temperature Scale : '' 

Boiling point of nitrogen 
,, ,, neon 

„ „ hydrogen 

„ „ helium 

all at one standard atmosphere pressure. 

The helium gas thermometer can be used to interpolate between ' 
these fixed points, and also below the standard boiling point of 
helium, down to 1° K., when the pressure at which it is operated 
has of course to be below* the vapour pressure of the liquid helium. 

Other practical forms of thermometer over limited temperature 
ranges use the vapour pressure of liquefied gas. An empirical 
formula of the type log P=a -f6T -c/7\ where P is the vapour 
pressure and a, 6, and c are constants, is used. Actually, no 
separate “ thermometer ’’ is used ; the vapour pressure over the 
liquid is measured by a pressure gauge. The vapour pressure 
hydrogen is used for the range 20® K. to 14° K., and that of helium 
from 4*2° K. to 1° K. 

Electrical resistance thermometers suffer from tw^o defects at very 
low’^ temperatures. First, they are disturbed by magnetic fields, 
and secondly, superconducting impurities cause the material to give 
inconsistent results. 

Platinum resistance thermometers havejbeen used down to about 
14° K., and lead resistance thermometers in the range 20°-7*2'' K. 
Phosphor bronze is used from 7° K. to below’ 1°K., and carbon 
fix)m 4° K. to below 1° K. 

Thermocouples employing gold and silver alloys have been use(i| 
from about 17° K. to 2-5° K. 


- 195*808° C. 
-246*087° C. 
-252*780° C. 
-268*928° C. 
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l or temperatures below V K., the Curie Scale, depending on the 
iriation of the magnetic susceptibility of a paramagnetic salt 
itii temperature is used. Experiments have been done to de- 
vrinine the relation between the Curie Scale and the Kelvin Scale, 
le principle of which is to take the material through a thermo- 
ynamic cycle, and actually measure the heat absorbed from a 
am of y-rays which is used to raise the material from a low 
^mperature to a higher one. At temperatures within the range of 
idependent thermometers, it is found that the Curie Scale and 
le Kelvin Scale agree. 

Properties of materials at very low temperatures. For all sub- 
bances the atomic heat tends to zero as the absolute zero of tempera- 
iire is approached (see p. 73). For paramagnetic substances, the 
lagnetic susceptibility is very nearly inversely proportional to the 
bsolute temperature. Perhaps the most striking effect is that of 
uperconduction (or supra-conduction). In 1913, Kamerlingh Onnes 
Dund that when mercury was cooled below 4® K, its electrical resist- 
nce vanished. This effect was also foimd in lead, tin, and other 
aetals which appear close to these elements in the Periodic Table ; but 
b is not shown by all metals ; for example, copper and gold do not 
ehave in this way, and it appears, like ferromagnetism, a restricted 
ather than a general property. No trace of electrical resistance is 
)bserved in a material which is in the superconducting state. A 
:urrent once induced in a superconductor continues undiminished 
1 strength for days, indeed so long as the necessary low temperature 
i maintained. Superconduction ceases in a magnetic field above a 
Jertain threshold strength, which depends on the metal and the tem- 
erature, but is restored when such field is removed. 


QUESTIONS ON CHAPTER VIII 

1- distinguish between a ga.s and a vapour, and explain what is 
laeaiit by the critical temperature of a gas. 

. a short account of the method generally \ised to liquefy air. 
a method of measuring the temperature of liquid air. (O. & C.) 
2. D( ‘scribe one good method of liquefying the more permanent gases, 
^<1 mention the principles on which it depends. Describe a method 
I measuring low temperatures such as that of liquid air. (C.S.) 

M rite a short essay on the liquefaction of gases and tho production 



326 


A TEXT-BOOK OF HEAT 


of very low temperatures, mentioning some of the changes in th( 
physical properties of bodies which occur at low temperatures, (C.S, 

4. Describe briefly the methods employed in liquefying (a) aip' 

(b) hydrogen, and explain the principles involved, (C.S,] 

5. Write a short essay on the liquefaction of gases with spociaj 

reference to Hydrogen and helium. (C.8j 

6. Describe a method of liquefying hydrogen. How may lo^ 
temperatures such as that of liquid hydrogen be determined? (C.S,J 

7. Give an account of jbhe liquefaction of gases. Describe the geuoral 
construction of an apparatus for liquefying hydrogen. Discuss briefly 
the investigation of one property of matter at low temperatures. (0.8.) 

8. Discuss the physical principles which are applied in the liqtj^efactioQ 
of gases. Describe how liquid oxygen can be produced for iii\dustrial 
purposes. Explain the nature of the special difficulties which have 
been foimd in liquefying hydrogen and helium and show how they have 
been overcome. 



CHAPTER IX 


transference of heat 

pri-oip.1 by „bi„b b^t ^ tramferred from 

to .r« eonducti.., coa,.c«„m add radiaS 
Conduction is deflned as the transfer of heat through an uneouallv 
eatod b^y, without visible motion of any part of L body S 

. It » the propagation of heat through a material, which itSf 
imams stationary. 

^ material, which carries its 

Radiation is the transference of heat from a hot body to a cold 
idy without appreciable heating of the intervening space. 
Evaporation of a liquid and condensation of its vapour wiU 
ansfer heat from a hot liquid to a cold surface ; this, and one or 
lO other similar operations can really, 
stretching the definition a httle, be 
issed as particular types of convection. ' 

Conduction. Coefficient of thermal 
nductivity. Consider a thin parallel- f \ \ 

led slab of material (Fig. 148 ) of 
iekness 8x, and area A, with one face 
) maintained steadily at temp)erature 
- and the other face (2) at (0-8(9)®. \ / — • j 

this steady state, heat flows at a fare f„r, 2 

■ady rate from face 1 to face 2 , in a 148 

■ection normal (that is, at right angles) 

the faces Experiments have shown that, under these conditions, 

; rate of flow of heat is ; 

proportional to the area Ay 

proportional to the temperature /aK - S0, and 

inversely proportional to the thickness 8a;. 

Rate of flow of heat oc A — ; • 


Fig. 148. 


rate of flow of heat ^ 
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where h is a constant for the material called its coefficient of 1 
conductiTil^. 

~ 89 

The ratio — ^ is the temperature gradient across the slab ; 

dd 

if So; is very small indeed, can be written - -j- • 

ax 

Similarly, if we write 8Q for the quantity of heat passing in tin 


8ty the rate of flow of heat is 
extremely small. 


in the limit wh^n U. 


Hence, 


^ hA^ 

dt dx^ 


This equation can be stated in vrords as follows : When heat i 
flowing normally between the faces of a thin parallel-sided slab c 
material, and a steady state has been reached, the rate of flowo 
heat equals the product of coefficient of thermal conductivity, arej 
of slab, and temperature gradient.’’ 

o: I. dQ / ,dd 


k may be written in words as 

rate of flow of heat in steady state 
normal to the faces of a parallel-sided slab 
~ area x temperature gradient ; 

while, if .A = 1 and ~ ^ = 1, , and the most satisfactory ( 

« . . . . cLx at 

fimtion o: k is : 


The coefficient of therxnal conductivity, k, of a material is the rate i 
flow of heat through unit area imder unit temperature gradient, no. 
to the faces of a thin parallel-sided slab of the material, when a stc 
state has been reached. 

The qualifying statements are important, since other considei 
tions affect the rate of flow of heat if they are not fulfilled, as i 
shown later. 

Temperature distribution down a barjrf uniform cross-section J 
the steady state. Consider a long cylindrical bar of uniform 
sectional area Ay the ends of which are maintained steadily ^ 
temperatures and being the greater. 

First, suppose that no heat escapes from the sides of the 
This assumes that the sides lose no heat by radjp^tioni and that i 
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Distance x from hot end of bar 

Fig. 149. — Steady heat-flow and temperature distribution for 
cylinder losing no heat from side. 


e perfectly insulated against loss by conduction and convection, 
.nditions which are impossible of fulfilment. If, however, the bar 
made of a very good conductor, the proportion of heat escaping 
om the sides is small compared vdth that passing down the bar ; 
hile if the radius of the bar, r, is large (as the ratio surface 
micross-section, which is 27 rH/ 77 r 2 , is proportional to 1/r) the 
roportion of heat escaping from the sides is also reduced. So, for 
thick bar of a very good conductor it can be assumed as an approxi- 
lation that no heat is lost from the sides. 

Thus, for a thick bar of a very good conductor the rate of flow of 
eat is the same all along the bar. But, for any thin section at 


istance x from the hot end, 


the area A and the 

dt cte 


alue of k are the same for all values of x. Hence, assuming that A 
I independent of the temperature, dOJdx is the same for all values 
^ X. That is, the temperature gradient is the same throughout the 
-ngth of a thick bar of a very good conductor, the way in which 6 
varies with Lue distance x being shown in Fig. 149. 

If the above conditions are not satisfied and there is an appreciable 
ape of heat from the sides, it is easily seen that, as the rate of 
ow of heat through a section at distance x decreases as x increases, 
Hince k and A are constant, the temperature gradient must 


^I'case as x increases, as shown in Fig. 150« 

N.n. 
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1 2 



Distance from hot end, x 

Fio. 150. — Steady lieat-flow and temperature distribution for 
cylinder losing heat from side. 

The calculation of the temjDerature distribution in the second case 
is difficult, but is manageable if certain assumptions are made. 
Suppose that the rate of loss of heat at any point is proportional to 
the temperfiture excess at that point, Newton’s Law of Cooling being 
obeyed. To simplify the notation, let $ stand for the temperatun 
excess above the steady temperature of the surroundings. The 
temperature gradient is still properly represented by dOfdx, Let ^ 
be the heat emitted per sq. cm. per sec. per unit temperature 
difference ; E is called the emissivity of the surface. Let the peri- 
meter of the bar be p. _ 

Consider a section of thickness Sx lying at distance x from the 
hot end of the bar ; let the average temperature excess be 0 for tW 
section. Then, 

{rate at which heat flaws into face 1) ~ {rate at whuA heat flows ovt i 
face 2) = {rate at which heat is lost from the side)* 
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Let the temperattire gradients at face 1 and face 2 be (~\ and 

0, 


Rate of flow of heat into 1 = -kA ^ . 


Rate of flow of heat out of 2 = -kA('- 


^1\ 
\'dx/2 ’ 


Rate of emission from edge =E .pSx - 6. 


\dx/2 \dx)i 


8x 


Ep a 
kA' 


1(^)2 “ (^)j} change in ^ in going from face 1 to 

•2, and this can be written 8 j Sa;, or, in the limit, when 8a; is 

remely small, ^(g), 

- 

\dxJ2 


,r . . . 


(^) 

\axj 


8^ 


^ , the equation becomes 


dx^ kA 


0 ; and putting 



(m 

dx^ 


= 11 ^ 0 . 


is is a differential equation, the solution of which must involvo 
) arbitrary constants. 

the solution be 0 where a and b are constants. 

d0 

^fferentiating, ^ = pae>^ - yJbe~>^, 
d^6 

again, ^ oe'"’ + fi® be-"* = /x® (ae>^ + beri ^) » pH. 

fence e=ae>^ + be-i^ is a solution satisfying the equation, and 
jnd b are constants determined by the particular case. 

Suppose at first that the bar is infinitely long. Then, when * =0, 
h 1 and e-*** * I, while 9 = 6^, the temperature excess at the heated 


fla==«+6. 



332 


A TEXT-BOOK OP HEAT 


Now, if ^=0 when z^cc the right-hand side of the equation nius 
be infinite unless a —0. So 0Q=^b, and the solution is 0 = 

The graph of temperature excess B against x is as Fig. 161. 

If the bar is not considered infinitely long, suppose that tb 
length is L, and that the far face is at the temperature of tb 
surroimdings, so that no heat flows out through the end face, 
the temperature gradient at the end is zero. 

Then =0 when x —L. 
ax 



Distance x from heated end^ 

Fig. 161. — Steady distribution of temperature excess down bar losing 
heat from the sides. 


Now ^ ^ ^ so if ^ = 0 when x = i, 

oe^ =0 and sol wing these tw-^o equations for a and b. 

As before, 

n — h— 


and 


e^Bo 


r 

Li+e2M6 


4* 


1 

1 + * 


DETERMINATION OF CONDUCTIVITY 

Ingen-Hausz’ experiment to compare'the conductivities of differe 
materials. The materials to be compared are in the form of loi 
thin rods of equal length, identical in area of cross-sectioq and ij 
surface finish. These are coated with wax, and arranged - 
Fig. 152, with one end protruding into a tank A in which water j 
maintained at the boiling point. 
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After a steady state has been 
Bached, the wax is observed to 
ave melted to distances Zg, 
along the bars 1, 2, 3, ... 
f thermal conductivities, h. ifc«. 

3 ••• • 

Suppose that the bars are 
stremely long compared with 
leir diameter. Then the equation 
)r the temperature excess at dis- 
ince X down each is 



Fig. 152. — Ingen-Hausz’ experiment. 


Q = d^e where 6q is the value of 6 for the 


ink, and fi stands, as on p. 331, for the factor J EpjkA for each bar. 
Let 6^ be the value of 6 for the melting point of wax, the tempera- 
ire attained when for bar 1, a: = Zg for bar 2, and x = Z^ for bar 3. 


or the first bar, 
r the second, 
r the third, 
ence, 



= V"*'' : 

; and so on. 

/Xj Zj = ^2 /j = ^3 1 J. 



, p, and A being the same for all the bars. 


n/ \/ Ic^ \/ k 2 
ki ko kn 

ri=ri=rl-> 

t-1 e*2 t-Q 

This theory would be quite satisfactory for extremely long bars ; 
practice, rods up to about 20 cm. long, with diameters of a few 
fu., are used, so it cannot apply to the usual apparatus, Ashford, 
chool Science Review, vol. 21, p. 83) gives the correct treatment. 
I be the distance at which the temperature excess is and L 
e exposed length, then the proper equation gives 


^0 


1 


“I 
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This is satisfied for all the bars if, and only if, 

(1) ••• y ~ ^2/^2^ ~ ^3/^3^ ••• > above , 

and also (2) either {ayL^ ig* ^3 — infinite 

or (6) = ^3 = ^^3 ... , or A = .. 

To satisfy both (1) and (26), L^/l^ ^LJl^ ... , thus the lengths 

of the exposed portions of the bars must be adjusted so as to be 
proportional to the length from which the wax has meltejd ; then 
the conclusion reached above is strictly applicable, provided the 
temperature gradient at distance L is negligibly small. | 

Searle's method for the conductivity of a very good con&ctoro The i 
absolute determination of k requires three sets of measurtoentsj 
corresponding to rate of flow of heat, area, and temperature gradient \ 
for a thin parallel- sided slab. 

For a thick bar of a very good conductor, such as copper, the ends 
of which are maintained steadily at different temperatures, the 
temperature gradient is the same throughout. It is therefore 
possible to measure the temperature gradient at one part of the bar, 
and the rate of flow of heat at another. 

The specimen is a thick bar of copper about 5 cm. in diameter, 
polished, surrounded by dry felt, and enclosed in a wooden box. 
Steam circulating through a chamber attached to one end of the I 



Fio. 153. — Searle*8 method for conductivity of copper, 
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iiintains this at 100° C. A current of water running from a 
instant head apparatus through a copper spiral soldered on the 
her end maintains this end at a steady low temperature, and also 
lables the rate of flow of heat through the bar to be measured, 
hermometers Tj and are placed in holes in the bar at a known 
istance d apart, the holes containing mercury to ensure good thermal 
intact. Two more thermometers and record the inlet and 
itlet temperatures of the flowing water. Fig. 153 illustrates the 
oparatus. 

The diameter D of the bar is measured with calipers in several 
laces, the value of the area 7tD^I4: calculated in each case, and the 
uerage taken. The distance d between the centres of the holes in 
hich the thermometers rest is also taken. The currents of cold 
ater and steam are started, and the apparatus left to attain a steady 
ate. When the readings B^, etc.) of all four thermometers are 
;eady, these are observed, and the water flowing through the 
Dpper tube in time t seconds is collected and its mass m found, 
f s be the mean specific heat of water between ^3® and ^4®, the heat 
applied in t sec. to this water is m8{B^- Bt) cal., and the rate of 
applying heat is ?n 5(03 ~ B^)lt cal. per sec. 
his is the rate of flow of heat down the bar. 


he uniform temperature gradient is 


d 


-2 ®C./cm. 


Hence, as the area, rate of flow of heat, and temperature gradient 
re all kno\^Ti, k is calculated by substituting in the expression 


_ rate of flow of heat 
area x temp, gradient 

Guard-ring method. The principle of this method, which is 
applicable to substances which can be classified properly neither 
ls very good or very bad conductors, is indicated in Fig. 154. 
["he material, in the form of a thick slab with parallel faces, has 
wo holes bered for thermometers at a measured distance apart. 
)nc face of the slab is steam heated, and the other is in contact with 
ice calorimeter. The flow-lines of heat are indicated in the 
; it can be seen that in the centre of the slab these are 
practically parallel &om one face to the other. Thus, if the rate 
)f flow of heat through a knowm area of the central part of 
slab can be found in the steady state, and the uniform 
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temperature gradient along the central part found, k can be deter 
mined accurately. 

A large part of one wall is maintained at 100® C. by a steair 
chest ; the central part of this is isolated so that the steam con 
densing in it, and thus the rate of flow of heat into the centra 
portion, can be found, while the rest acts as a “ guard ring j 
corresponding central portion of the ice calorimeter is isolated, sc 
that from the mass of ice melted the rate of flow of heat out of the 
central portion is found ; the rest of the ice chamber acts as 
guard ring. By isolating the centre part, through which the heat 
flows imder the simplest conditions, the simple formula of p. may 

be used for calculating i. The temperature gradient is 
where and readings of the thermometers and Tg- 



The temperature gradient is measured from observations of 
thermometers within the specimen, with their bulbs in the central 
flow region. It is not safe to assume that the temperature gradient 
is 100® ~ 0®/d, since there is a film of water on each face of the slab 
across which there may be an appreciable temperature drop. 

The method is quite general in its application. The steady 
supply may be furnished electrically, in which case the hea|ier couj 
of which the rate of supply of heat is measured, would be surrour 
by a guard-ring heater coil maintained at the same temperature- 
It has been stated above that the method is best 





LEES’ METHOD FOR BAD CONDUCTOR 337 

jjaterUls of tho poor conductor ” class. The use of a guard-ring 
)f course adds precision to any determination of k for any kind of 
jonductor. But with a very good conductor, as in Searle’s method, 
jide losses can usually be ignored for a specimen of suitable dimen- 
;ions, while for a very bad conductor it is usually necessary, in 
der to obtain a substantial rate of flow heat, to have a specimen 
n the form of a thin slab of large surface area, for which the edge 
[o':s is relatively small on account of the small exposed edge area. 

Lees’ method for the conductivity of a very bad conductor. The 
apparatus (Pig. 155) consists of a cylindrical steam chest J5, the 
ottom of which is a thick brass block, with a hole bored to receive 
thermometer Ti- The specimen 8, in the form of a thin circular 
disc, is sandwiched between the block and a second cylindrical brass 
block (7, in which there is a second thermometer Tg. The block G 
suspended from a fixed support by threads shown in the diagram. 
The only way in which heat can reach C is thus by conduction 
downwards through the specimen. 

The diameter, and the thickness d 
jof the specimen are first measured. 

The apparatus is then set up, and 
5 team is passed into the chest until 
he readings and B^ of and Tg 
ire steady. As brass is an extremely 
tood conductor, the thermometers 
be taken as recording the 
emperatures of the faces of the 
ecimen. Thus the temperature 
[radiont in the steady state is 

Next, the rate of flow of heat through the specimen is found in 
le following way. The temperature of (7 is steady ; it is therefore 
sing heat to the surroundings from its side and base at exactly 
le same rate as it is receiving heat by conduction through the slab, 
hus, the rate of loss of heat from (7 at temperature equals the 
^te of flow of heat downwards through the specimen. 

The mass m of the block C is found, and the specific heat e of 
rass obtained from a set of tables. The block is then heated 
ently by a bunsen burner, and raised to a temperature B^^ a few 
^grees above 0 ^ ; the specimen alone is placed on top of (7, and 



bad conductor. 
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the time t sec. taken for the temperature to fall to 6 ^, which is as 
far below 62 as 6 ^^ was above it, is found. The average rate of 
loss of heat over this interval is then ms 64 ) ft calories per 
second ; this is the required rate of flow through the specimen in 
the steady state. 

It is, of course, impossible to reproduce completely during the 
second part of the experiment the steady-state conditions of the 
first part. It is usually suggested that the specimen should be 
retained on the top of (7. Another procedure, recommended in 
Bedford’s “ Practical Physics ”, is to allow C to cool uncovered ; 
if /S be the area of the curved sides of (7, as the area exposed in the 
second part is 2A + >8 compared with A + jS exposed in the fir^t part, 
the rate of flow through the specimen in the first part is equal to 

A 4-/S 

the rate of loss from an area ^ ^ of that exposed in the second 

jiA *f o 

part, whence the rate of flow is then 


A +8 


ms- 




2A+/S t 

The area, rate of flow of heat, and temperature gradient all being 
known, k is calculated by substituting in the expression : 

rate of flow of heat 




area x temp, gradient 


It is assumed that no heat is lost from the curved edges of the 
specimen in the steady state, so the specimen must be thin. It 
follows that with this form of apparatus only very bad conductors 
can be used, since with a thin slice of a moderate conductorj 
the temperature difference would be too small to measure 
accurately. 

The method is used with electric heating, the only modifications 
being (a) a double sandwich with two slabs of the conductor, and the 
electric heater moimted in the middle ; and (6) the rate of flow 
of heat is measiu^ed by the rate of dissipation of electrical energj 
during the steady state, no second part of the experiment being 
necessary. The whole apparatus is suspended in an evacuated 
enclosure, and the temperature differences are read by me^ns 
thermocouples. ^ J 

The method can also be adapted to measure h for a liquid, 
must of course be retained in position by a solid ring. It is arrange® 
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that the heat flows down- 
wards through the liquid, so 
as to avoid convection effects. 

A preliminary experiment is 
done to find the rate of flow 
of heat through the solid 
ring, and a second experiment 
with the ring filled with 
liquid. 

Flow of heat through the 
walls of a cylindrical tube. 

Let the internal and external 
adii be and rg, and let the 
steady temperatures of the 
nside and the outer side of 
he tube be and 
jing the greater (Fig, 156 ). Let Z be the length of the tube. 
Consider a thin cylindrical element of radii r and r + dr. As this 
very thin, and heat flows normally to the faces, this can be 
^garded as effectively a thin parallel-sided slab, whence 

di dr' 



Fig. 166. — ^Radial heat-flow. The figure 
can be taken as representing a section 
across a cylinder^ or a cross-section of a 
spherical shell. 


As A - 27 rrZ, ^ 


dQ j dd ^ jj dO 
at dr dr 

dQ 


Now, as everything is steady, must be the same for all values 

dS 

^ r ; hence, as k and Z are constant, r -3- must be constant. 

dr 


Let 


de 

^dr=^' 


dO-a^* 

r 


itegrating, ^ = a In r + 6, where 6 is a constant. 

when ^ = ^1, and when r = rg, ^ = ^2, 

— a In + 6 and B^^ahxr^ + b^ 


a = 


In ri ~ln fg 


«!SiL 
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Substituting this value for in the original equation. 


-2itH 


In T-^ •“ In f *2 iX 
at In r«/ri 


"• dt Inr^/ri 

Hence, if r^, rg, ^re determined 

experimentally, k can be found from the expression i 

dQ In r^lTi \ 

dt‘2-nl(0^-e^)’ \ 

How of heat through the walls of a spherical shell. Let the inside 
of the shell be mamtained at temperature and the outside at 
temperature the internal and external radii being and 
Consider an elementary shell at distance r. The area, A, is 4ct:i\ 
and, as before, 

di “-^^-dr 

dO dB 

As “ is constant in the steady state, r* must be constant. 


and, integrating, 
When 
and when 


r2~=a; then dB^a -^ , 

dr r 2 

B— -alr-j-b, where 6 is a constant. 

B^Bi, then r^r^; 

- — 4 - 6 . 02 - — + b. 

'** ri> 




and a 


Hence 


- k .4v .• 


and the rate of flow of heat is given by 
dQ 4 vt(gi - 
dt r,-r. 
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This has been used to determine k for poor conductors. The 
laterial is enclosed between two concentric copper shells, the inner 
f which contains an electric heater. The value of dQ jdt is obtained 
’om the rate of supply of electrical energy in the steady state, 
bore $1 and 6^ at radii and are measured by thermocouples. 
Determination of thermal conductivity by the tube method. The 
pparatus is assembled as in Fig. 157. The specimen itself acts as 
continuous-flow calorimeter, through which a steady current of 
rater passes from a constant-head supply. Surrounding the 
pecimen is an outer tube through which steam is passed. When a 
teady state has been reached, the temperatures and 0^ of the 
hermometers in the inlet and outlet tubes are observed, and the 
aass m of water flowing through in time t sec. is found. 



The rate of flow of heat through the tube, dQjdt ism xlx {6^-0^) ft 
The average value of ^3 and 0^ is taken as the internal temperature 
^ 1 ° and the steam temperature, taken as 100 ® C., is ^ 2 ^. The length 
I of the part of the tube surroimded by steam is observed. The 
internal and external radii, and of the tube are then measured. 
This is best done by cutting ofiE a portion of the specimen, and 
^easuring the internal and external diameters with a travelling 
pieroscope. The coefficient of thermal conductivity k is then found 
py substituting in the formula 

dQ In fj/fi 
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- ®i) being written instead of ( 0 ^ - 62 ), because the heat flowi 
towards the axis of the tube instead of away from it as on p. 339, 
For a thin tube, little error is made by regarding it as a parallel 
sided slab which is bent round into a cylinder. For this, th( 

equivalent area is 27r — . Z, the temperature gradient ^ , anc 

the formula to be used is 


to which the proper formula reduces as an approximation when 
is nearly equal to rg. 

Bate of rise of temperature before the steady state is attained. 
Reworking the mathematics of p. 331 for some stage before the 
attainment of the steady state, 

{rate of flow of heat into face 1) - (rate of flow of heat out of face 
2) = (rate of loss of heat from the edge of section) 4 - (rate of absorption 
of heat in raising temperature of section,) 

The volume of the section is A its mass pA Sx where p is the 
density ; and if 5 be the specific heat, the heat capacity of the 

dd 

section is spA Sx. If the rate of rise of temperature be > the 

dd 

rate of absorption of heat is then spA Sx ^ . 


^ , . d^O Ep 

So the equation 


6 of p. 331 is amended to 


d^""kA°^T^ 


If now we assume no emission from the sides, 


JS?-0 


and 


cP0 ^sp dd 
d^^T^^dt^ 


which may be written 


dt sp dx^ ’ 


The quantity k/sp is called the fhermometiic coxiductivity or 
of the material. It represents the change of temperature 


diffusivity] 
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1 unit volume of the substance by the quantity of heat which flows 
1 unit time through unit area under unit temperature gradient, 
t is thus a constant of greater importance than k itself when 
-alculations on the rate of rise of temperature produced^ rather than 
he rode of flaw of heat in a steady state^ 
ave to be done. 

Conduction through composite walls. 

Jonsider two parallel-sided slabs Si and 
'2 (Fig. 158 ) of thickness Xi and X2, and 
anductivities ki and Ajg. When a steady 
,ate has been reached, let the tempera- 
ires of the outer faces of Si and S2 be $1 
iid O2 respectively, and let 6 be the 
5mperature of the interface. Let A be 
le area of cross-section of the slab, 
id dQJdt the rate of flow of heat through the composite slab from 
^ to 62’ 

dQ ^ kiA (di ~ 6) k2A {$ - $2) 

dt'' Xi ~ X2 



Then 


"om these two equations the value of the rate of flow of heat and 
e temperature of the interface can be found. 


We have 


Since 


Xi X2 



X^ X^ 




dt kiA 


and 


0-62^ 


dQ 

dt 




a 4. ^2 \ 

dt\kiA k^)^ 

dQ $1 ~ 


kiA ^ k^ 

fhe same methods enable the interface temperatures and the rate 
flow to be found when there are more than two slabs. 
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Variation of k villi temperature for metals. For most pm 
metals the value of k increases as the temperature rises. Th 
electrical conductivity, cr, also rises with increasing temperature 
Wiedemann and Franz stated that the ratio of the thermal an 
electrical conductivities is the same for all metals at the sanj 
temperature ; this is known as Wiedemann and Franz’s Lav 
Lorenz stated further that the ratio ajk should be proportional t 
the absolute temperature T ; thus i/aT should have the S€pne vain 
at all temperatures for all metals. Experiments undertatken wit 
the object of testing this relation show that at ordinary pmpera 
tures the laws of Wiedemann and Franz and of Lorenz are obeyed 
while at low temperatures the value of k/crT falls off. 

The numerical value of kjoT can be calculated theoretically, oi 
the supposition that the metal contains free electrons. This ratii 

is called the Wiedemann-Franz constant, and its value is 

t/A V 

where R is the gas constant, N the number of molecules in one mole 
and c the value of the charge on an electron. It is thus related t( 
three universal constants. Values of this constant found experi 
mentally agree fairly well with the theory at ordinary temperatures 
but the theory fails to predict the fail in the value of kjaT whicl 
occurs at low temperatures. 

Freezing of a pond. When ice first begins to forjn on a pond 
this is because latent heat from a narrow surface layer at 0° C. is 
abstracted by the cold air above. The subsequent growth of the 
ice layer requires that the necessary heat abstraction takes place 
by conduction through the layer of ice already there. The bulk 
of the water in the pond is probably at about 4® C. ; to form one 
gram of ice, 4 calories must be removed to obtain water at 0® G, 
and about 80 calories (L) to freeze this at 0® C. It is not suggested 
that the water in contact with the lower surface of the ice layer is 
at 4® C. ; the total of about 84 calories is the total heat which must 
be conducted away somehow for every gram formed at some 
of the proceedings ; and the real solution of the problem is of the 
“ composite slab ” type, involving the conductivity of the upper 
layers of water. We shall here consider only the conduction t^irough 
the ice. 

Let p gm./c,c. be the density of ice at 0® C., and * o,o.s. unij 
its thermal conductivity. Let the temperature above the 
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remain steadily at — ^ C. At any instant t sec. from the start of 
freezing, let the thickness of the ice be x cm., and let the thickness 
increase by a small amount Saj in a small further interval of time 
U. Consider unit area of the surface. Then, in time ht, volume of 
ice formed is hx c.c., mass of ice formed is p Bx gm., and quantity 
• heat flowing through the layer above is Lp Bx cal. So, rate of 

Bx 

flow of heat through unit area is cal. /sec. The lower surface 

of the ice is at 0° C., and the upper at ~ C., so the temperature 

;radient is C./cm. 

As rate of flow of heat through unit area =kx temperature gradient, 
j. Bx kO 


Thus in the limit, 


dx _ k d 
dt Lp X ’ 

md the rate of thickening of the ice is directly proportional to 9 
md inversely proportional to the existing thickness x. 

Re-arranging and integrating, we have 

xdx-^dt, and 

Lp Lp 


be constant of integration being zero as a; =0 when < = 0 ; thus the 
ime to obtain a given thickness is proportional to the square 
f the thickness, or the thickness attained is proportional to the 
quare root of the time. 

Determination of 6 for a liquid. The eflect of convection must be 
liminated if the coefficient of thermal conductivity of a liqtdd is 
0 be measured. This can be done by using a fairly thin horizontal 
iyer of liquid heated from above. 

Fig. 159 shows the principle of Lees* apparatus for liquids. The 
iquid is enclosed in a circular ebonite 
ell ^jetween two copi)er-plated discs 
\ and and are two more 

'Opper discs, separated by an electric 
ieater. Between Cj and is a disc 
glass of measured thickness and 
thermal conductivity. The 
l^y-state temperatures of C,, C, 

^4 are determined by thermo* 



Copper 
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Coii 



Copper 
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fbonfte 



C2 
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Jc, 

Fig. 159. — Conductivity of a 
liquid. 
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couples which are not shown in the figure. The whole apparatus is 
supported in a constant-temperature enclosure. 

As the temperature difference between the faces of the glasi 
plate is known, and also the dimensions and thermal conductivity, 
the rate of fiow of heat into the copper block is known. Allo^ir. 
ance being made for the heat loss from the edge of Cg, the rate of 
fiow of heat through the liquid and ebonite together is calculated. 
The rate of flow of heat through the ebonite is found by a peparate 
experiment under the same conditions in which the cell icontains 
air, the thermal conductivity of which is known, and thd rate of 
flow of heat through the liquid alone is then obtained. As |he rate 
of flow of heat through the liquid, the area of the cell, the tempera, 
ture difference between the faces of the liquid, and the depth of 
the liquid are all determined, the coeflB.cient of thermal condu^ivity 
can be calcplated. 

Conductivity of gases. Gases are very poor conductors, and the 
determination of i is complicated by the effects of convection and 
radiation. At ordinary pressures the heat transferred across an 
enclosure containing a gas is the sum of the heats transferred by 
(1) conduction, (2) convection and (3) radiation. 

The radiation transfer can be estimated by a separate experiment 
in which the space is highly evacuated, since radiation is the only ; 
method operating in a vacuum, and the effect of radiation may be | 
assumed to be the same whether the gas is present or not. 

The more difficult problem of convection may be treated in 
several ways. One way is to arrange that the flow of heat is down- 
W'ards through a thin horizontal layer of gas, in a manner similar 
to Lees" method for a liquid. This should eliminate convection 
entirely. Laby and Hercus employed this method, the layer of 
gas being about 6 mm. thick. Another way is to use the fact that 
the transfer by convection depends on the pressure of the gas, while 
(as was shown by Maxwell) the transfer by conduction is independent 
of the pressme provided this is not extremely low. This is probably 
not quite true for gases with many ato^ in the molecule, but ie 
satisfactory for the common gases. In the early experiments of 
Kundt and Warburg, who observed the cooling of a thermometer 
in a globe containing the gas, it was assumed that at pressure 
below about one fifth of an atmosphere convection was negligible* 
The transfer of heat observed at a low pressure was thus supposed 
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le to conduction sind r&di&tion only. This is not very skcciirBito^ 
[ice convection must opeFate> though to a very limited extent, 
[thin the region of reduced pressures at which the conductivity is 
ill constant. 

The experiments of Gregory and Archer (1925) disentangled the 
>nduction and convection transfers by an ingenious variation of 
cperimental conditions. These are so instructive that it seems 
ell to describe them in some detail. 

The principle of the method is to maintain a temperature gradient 
jtween the axis and the walls of a cylindrical tube containing the 
IS. A wire running along the axis of the tube carries a measured 
irrent, and the rate at which energy is supplied to the wire in the 
cady state equals the rate at which energy is lost from it. 

The apparatus is indicated in Fig. 160. Two communicating 
ibes A and £ containing the gas are surrounded by a well-stirred 
I bath not shown in the figure. Along the axis of each tube runs 
piece of platinum wire, which is connected in one arm of a Callendar 
nd Griffiths bridge. When the bridge is balanced the same current 
ows through each wire, and the main part of each wire is at the 
ime steady temperature. The cooling at the ends of each wire 
ue to conduction of heat to the leads is the same for both tubes, 
ad so is the loss across the gas from these cooler portions. The 
iameters of A and B are the same, but B is much shorter than A \ 
y using the shorter tube B as the “ compensating leads ” of the 
ridge, the effect of the cooler end portions is eliminated. 

If Zj is the length of the wire in A and its resistance, the 
mgth of the wire in B and iZg its resistance, the bridge really 
leasures the resistance - R^ (which we will call J?) of a wire of 
jngth - Zg (which we will call Z), that is, the central portion of A, 
which the temperature is uniform. The term “ wire and the 
nbols Z and R^ refer from now on to the main portion of A. 

The currents through the arms of the bridge are varied by the 
beostat £, and the currents in the wires in A and B are measured 
^sing a potentiometer to determine the fall in potential across a 
ndard ohm 8 in series with each. 

Let 1 be the current in amperes through the wire, 6 the steady 
j^mperature, the radius of the wire and the internal radius of 
“G tube, ^ the heat loss per second by radiation and ifs the heat loss 
second by convection, both from the effective leiigth I of the 
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Fig. 160. — Scheme of Gregory and Archer’s apparatus. Con- 
nections from A' and go to a duplicate bridge, which is not shown. 

wire at temperature 6. Then, heat supplied electrically pei 
second is PRjJ* cal. ; heat lost by conduction across gas per 
second is 27rAW/ln cal. (p. 339) ; heat lost by convection and 
radiation per second is ^ + ^ cal. ; thus 

PEjJ' ^27rkl6lln r^fri + 

The temperature 0 was measured by treating the length I of the 
wire as a platinum resistance thermometer, and was selected by 
working backwards ** ; that is, by placing the galvanometer 
contact at the required point on the bridge wire and then alterin! 
the current through the arms of the bridge until the galvanometer 
roistered zero. 

To account for convection, the experiment was repeated with a 
second pair of wider tubes A' and jS', identical in all respects 
A and B except that they were both of the same larger rachus fj; 
These were connected in a duplicate Callendar and Griffiths bri^: *| 
The effect of convection for all pressures at which it is appreciabl 
is very much greater in the wide tubes than in the narrow oneftj 
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;hat if a pressure can be found 
which the rate of transfer of 
it across the tubes is the same 
both wide and narrow tubes, 

•an be concluded that convec- 
n has ceased to operate in 
bh. 

[f for the moment both ijs and 
ire neglected and a value of k 
ciliated for the narrow tubes 

_ . rreaaurv 

ng the expression 161 .— Correction for convection 

PE ^Trkld - transfer in Gregory and Archer’s ex- 

B k obtained is a false value named the “equivalent conduc- 
ity ” ; a corresponding value is obtained with the wide tubes, 
ing for rg. Plotting the value of the equivalent conductivity 
ainst the pressure for both wide and narrow tubes, the two curves 
ig, 161) are found to coincide over a short range of pressure ; the 
lue of the equivalent conductivity for which both the wide and 
e narrow tubes agree is then the value of the true conductivity 
corrected for convection but not for radiation. 

To account for radiation, the experiment is again repeated, this 
ne with both the wide and narrow tubes highly evacuated and 
mmunicating with tubes containing charcoal immersed in liquid 
r to preserve as high a vacuum as possible. Even at this very 
w pressure, part of the heat lost from each wire is due to the small 
sidual conductivity of the gas. If and Hw are the rates of 
ss of heat for the narrow and wide tubes respectively, and ^ the 
)mmon radiation transfer for the same temperature 0, 

Hy=2nkrei]n’^+i> 

^w.=27rM/ln^ + f 

'he radiation transfer <f> is obtained by eliminating k^ between these 
^0 equations. 

Correction had also to be made for the temperature difference 
l^tween the inner and outer walls of the glass tube, which meant 
P^t the temperature difference actually maintained across the gas 
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was slightly less than 6. The question of “ accommodation ’ 
which really means the extent to which energy conveyed across a 
gas is communicated to a solid, is a further difficulty considered by 
these authors in later experiments. 

The values obtained by Gregory and Archer for the conductivities 
of air and hydrogen at 0° C. are : 

Air, 0-0000583 c.g.s. units. 

Hydrogen, 0-0004043 c.g.s. units. , 

These are appreciably higher than the results of earlier x^rkers; 
some recent experimenters have obtained results a littlei higher 
still. 

Kannuluik and Martin (1934) improved the hot-wire method by 
using a thick wire (diameter 0-6 mm. to 1-5 mm. in different experi. 
ments) along the axis of a vertical metal tube (inside diameter 
about 2 cm.). The vertical arrangement reduced convection 
transfer between wire and tube waUs ; as the tube was of metal it 
could be maintained in a constant temperature bath at 0® C., and 
there was no need to allow for the temperature gradient through the 
walls of the tube ; while with a thick wire the accommodation 
uncertainty was reduced. The temperature of the ends of the 
wires was known exactly, for they were soldered through copper 
caps at the ends of the tube, and were therefore at the temperature 
of the bath. The general principle of the method is similar to that 
of Gregory and Archer. The rate at which heat is supplied electri- 
cally to the wire is measured, and the rate of transfer by conduction 
through the gas found by allowing for the heat lost by conduction 
along the wire and out through its ends, and also for the effects 
of convection and radiation. The results obtained for the thermal 
conductivities of air and hydrogen at 0° C. were : 

Air, = 0-0000576 c.g.s. units. 

Hydrogen, = 0-000413 c.g.s. units. 

The conductivity of hydrogen is thurabout seven times that a 
air. Tyndall (*‘ Heat as a Mode of Motion ”, 1870) describes t 
beautiftil demonstration in which a platinum wire, white he* ^ * 
vacuum, is quenched to red heat by admitting air and ceases - 
glow at all in hydrogen. But he declined to believe that this 
removal could he due to conduction through the gases. 
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THEORY OF GASEOUS CONDUCTION 

The conduction of heat through a gas is a molecular process, the 
lolecules in the hotter regions of the space concerned acquiring 
reater kinetic energy than thorn in the cooler parts, and losing this 
xcess of energy by imparting it to the cooler molecules with which 
hey collide. An important factor in this process is the mean free 
ath, I, of a molecule, which may be defined as the average distance 
raversed by a molecule between successive collisions. A value for 
he mean free path can be calculated approximately as follows. 

Let the diameter of a molecule be a cm. Two molecules collide 
rhen their centres come within a distance a of one another. Let 
he root-mean- square velocity of the molecules at the temperature 
onsidered be c. Then in one second any chosen molecule travels 
, distance c, suppose. The centre of the molecule can be imagined 
urrounded by a sphere of radius a ; if the centre of another mole- 
ule comes within the trajectory of this sphere there is a collision. 
The volume of the space swept out by this sphere in one second is 
hat of a cylinder of base area tto^ sq. cm. and length c cm., that is, 
volume of no^c c.c. Let n be the number of molecules per c.c. 
[hen the number in volume tto^c c.c. is nncf^c. So our chosen 
nolecule makes riTra^c collisions while travelling c cm., and the 

Lverage distance between collisions is 1= cm. More detailed 

Jculations give the value cm. 

V 2n7Ta^ 

The equation for the pressure of a gas given by the kinetic 
heory (p. 152) becomes, if n denotes the number of molecules 
r cubic centimetre, p^^nmc^. Thus, at a fixed temperature, p is 
proportional to n, and as I is inversely proportional to n, I is also 
versely proportional to the pressure p. For example, with 
ydrogen at a pressure of 76 cm., the mean free path is about 
*8x10^5 cm. At a pressure of 1 cm. of mercury it becomes 
•4r X 10”“^ cm., and at a pressure of 10~^ cm. of mercury this is 
4 cm. Of course, in a container whose linear dimensions are less 
14 cm. thi ft does not mean that a molecule can travel on the 
average a distance of 14 cm. unimpeded ; it does mean that on 
average a molecule can travel from one wall of the enclosure 
another without the likelihood of a collision on the way, thus 
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Fio. 162. — ^Transfer of heat and transfer of momentum across a gs^. 


the maximum mean free path is attained when the pressure is i 
low that the calculated mean free path is of the same magnitude ( 
the dimensions of the vessel. 

Now consider two parallel plates X and F, Fig. 162, between which 
a steady temperature gradient is maintained, the space between being 
filled with gas. Let m gm, be the mass of each molecule, and the 

specific heat at constant volume. If the velocities of all the mole- 
cules are considered r solved in three directions at right angles, one 
of these directions being perp ndicular to X and F, we can consider 
as before (p. 151) that one-sixth of the total number of molecules 
is at any instant moving in any given sense along each of these 
directions. To find the number of molecules crossing unit area of 
a plane parallel to X and F per second, imagine a cylinder of height c 
to be erected on this area as base ; ail the molecules within this 
cylinder which are moving towards the area will strike it durmg 
the succeeding second. The volume of the cylinder is c c.c., 
the total number of molecules within it is nc ; but of these only 
one-sixth are moving at right angles to the area and towards it on 
the average, so the niunber striking the area per second is 

Consider next unit area of a plane parallel to X and F, ^ 
temperature 0. In every second inc molecules reach this area^ 
having last suffered collision with another molecule (on the avera^. 
at the plane J5, a distance I away, at which the temperature is fi + 
The total mass of the molecules proceeding from the hotter pl^ 

B to unit area of A per second is and the heat conTep| 
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mass xspecifc heat x temperature difference) is \ncmC^ Sfi calories 
r second. Now, downward transfer of heat through the plane A 
kes place by two processes. The first is by the importation of 
ore energetic molecules from above, and the second is by com** 
unicating energy to less energetic molecules arriving from cooler 
(^rers below. So an equal transfer of heat in the same direction 
curs as the result of molecules striking unit area of A every 
cond from the plane JS * , I cm. below, where the temperature is 
The total transfer through unit area of A per second, in a 
)^Tiwards direction, is thus incmC^ SO -i-^ncmC^ B0 or incmC^ SO 
i./sec. Now the temperature grsidient between B and B' is 


? he 


- = y degrees per centimetre, so the rate of flow of heat through 


lit area is 


he 


\ncmCJi-^ cal. /sec. ={\ncmCJi x temperature gradient) cal. /sec. 


That is, the coefficient of thermal conductivity of the gas is 
= \ncmCJi. 

Providing that the pressure is not so low that the value of I is 
)mparable with the dimensions of the vessel, I is inversely pro- 
ortional to 7i, and the product nl is independent of the pressure, 
bus the coefficient of thermal conductivity of a gas should, except 
t extremely low pressures, be independent of the pressure. This 
jsult was deduced theoretically by Maxwell, and verified to a fair 
of accuracy by the experiments of Kundt and Warburg 
p. 346) down to 0*1 mm. pressure. 

According to the theory, there is a simple relation between the 
efficient of thermal conductivity and another important coefficient, 
in Pig. 162 we now suppose that the whole is at the same tempera- 
ire, but that X is moving parallel to itself with a fixed velocity, 
lere will be a force in the direction of the motion of X acting 
on F. Assuming that there is no turbulence of the gas between 
le plates, there will be a steady velocity gradient across the space 
P , the layers of gas near X moving with velocities less than X 
1 these velocities decreasing steadily until Y is reached, when the 
Nocity is zero. The drag experienced by F is really a molecular 
feot ; the moving plate X gives the moleculee in contact with it a 
ODaentum parallel to its motion, and this is in part commumcated 
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to the plate T by the molecules striking F, having been com] 
municated through the successive strata of molecules by molecula^ 
collision. By Newton’s second law of motion, the rate of transfej 
of momentum to F equals the force experienced by this plate. The 
force per unit area experienced by F is proportional ^to the velocity 
gradient, and the ratio /orce per unit areajvehcity gradient is callej 
the coefficient of viscosity of the gas, symbol 77. 

Consider the plane A, where the velocity is v parallel to the plane 
itself. The number of molecules arriving at unit area of Sfchis plane 
per second in a direction from above at right angles to ^ is Jnc, 
and these last suffered collision at B where the velocity is ,v + Sr, so 
the downward excess rate of transfer of momentum by means of 
faster molecules from above is ^cm Sv. But there is also the effect, 
of slower molecules from I cm. below, where the velocity is 
v-hv \ so there is an upward deject equivalent to a dmimward excm 
of a further Sv. The net rate of change of momentum, whicli 

Sv 

equals the force on the unit area, is thus Jncm Sv. But — is thj 

Bv ^ 

velocity gradient, so this force is Incrrd • -j , and the coefficient of 

viscosity is rj—^cmL Thus, as k^\ncmlC^, the relation between 
i and 17 is 4 = 770^. 

Accurate calculations show that this equation is not quite 
correct, and that the relation between k and 77 should be k^arfi^ 
where a is a factor which appears to depend on the atomicity of the 
gas. 


APPLICATION OF THE CONDUCTIVITY OF GASES 

The katharometer. The conductivity of hydrogen is about sevei 
times as great as that of air imder similar conditions, and this hsi 
been made the basis of an instrument called the “ katharometer 
(or purity tester) originally designed by Shakespear and Daynei 
for detecting the leakage of hydrogen tlnrough balloon fabrics.^ 
Two small helices of thin platinum wire, about 0*001 in. ^ 
diameter, are enclosed one in each of two cells in a copper bloci 
(Kg. 163 ). Each helix is mounted in a small frame consi^ing<’ 
a loop of copper wire soldered to a ring of copper. One cel ^ 
completely closed, and the other communicates to the atmosph^ 
- through three small holes ; the helices are maintained in operatic* 
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a temperature of about 16® 0. 

3 ve the surroundings, so that 
; radiation contribution to the 
it loss is small, and the small 
nensions of each cell reduce 
ivection losses, so that the 
tin heat loss from the wire is 
conduction. The two helices 
) mounted in the adjacent 
ns of a bridge of the Callendar- 
iffiths type. 
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Fia. 163. — Principle of katharometer. 


If both helices are surrounded by pure air, the rate of loss of 
at from both is the same. But if the apparatus is surrounded 
air contaminated by hydrogen, the perforated cell admits this 
lile the other does not, with the result that the helix in the 
rforated cell loses heat more rapidly than the other, if both are 
the same temperature. But the rate at which each wire loses 
at must equal the rate of supply when a steady state is attained ; 
the temperature of the wire in the open cell falls until at this 
steady state the rate of loss by conduction equals the rate of 
pply, and the resistance change due to lowered temperature can 
measured, and the proportion of hydrogen deduced. It is 
issible, instead of rebalancing the bridge, to estimate the deflection 
the galvanometer, so that the apparatus may be calibrated to 
ve direct readings of the quantity sought. The instrument has a 
of only 15 sec., and it is possible to estimate a proportion of 
j part of hydrogen in five hundred thousand parts of air. 

Flue gas anal3rsis. Though particularly sensitive for the purpose 
r which it was originally devised, on account of the large con- 
activity of hydrogen as compared with air, the method can be used 
>r general gas analysis purposes. An important modem application 
this principle is the analysis of flue gases in industry. If too little 
is supplied to a furnace, all the combustible matter will not 
burned, and the gases will contain some carbon monoxide as 
ell as carbon dioxide ; on the other hand, if too much air is supplied, 
lost of the carbon will certainly be turned to carbon dioxide, but 
finable heat is wasted in heating up the excess air. There is thus 
Maximum eflflciency which is attained with one fixed air supply i 
' degree of efficiency n an be estimated fi^om a knowledge of the 
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percentage of carbon dioxide in the flue gases, together with a 
knowledge of the flue gas temperature and the percentage oi 
combustible gases. The following section describes the scheme ( 
the Cambridge Instrument Company’s flue gas analysis apparatus. 

In the electrical carbon dioxide meter, four identical platinum 
wire spirals are enclosed in separate cells Ei, E^^ E^, in a solid 
metal block, as shown diagrammatically in Fig. 164. Each spiral 
forms one arm of a Wheatstone bridge circuit. A definite electric 
current is allowed to flow through the bridge, thereby causing i 
spirals to become heated and to lose heat to the walls of the cells. 
If two gases having different thermal conductivities are introduced, 
one into two of the cells (say Ei and E^), and the other gas into the 
other tw^o cells {E2 and JSJ4), the spirals E^ and E^ will cool at a 
different rate from E 2 and E^, and W’ ill therefore be maintained at 
a different temperature. The consequent difference in the electrical 
resistance of the spirals will throw the Wheatstone bridge out ol 
balance, causing a deflection of the galvanometer G, the extent of 
which depends upon the difference in the conductivity of the two 
gases. The construction is such that changes in the temperaturt 
of the metal block affect both sides of the bridge equally. K 
therefore, the cells JE’g contain a pure gas and the cells Ij 

and E 2 the same gas mixed with some other constituent, the extent 
of the deflection will be an indication of the amount of the seconJ 
gas present, and the galvanometer can - be calibrated to shot 
directly the percentage oompositicm of the mixture. 
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gitic© th© thermal conductivity of carbon dioxide is only about 
o-thirds its value for air the method can be used to measure the 
rceiitage of carbon dioxide in flue gases. Variations in the 
^portion of nitrogen and oxygen have very little effect on 
, readings, as these two gases have practically the same thermal 
Qcluctivity. The effect of water vapour is compensated by 
eping the gases in all the cells saturated. In practice two of the 
Is are filled with air saturated with water vapour, and the other 
are exposed to the gas under test, which is also saturated 
i water vapour at the same temperature. The difference in 
aductivity of the gases in the cells then depends solely on 
e percentage of carbon dioxide in the gas. For measuring th© 
rcentage of carbon monoxide and other combustible gases, the 
gases are caused to pass through a small electric furnace 
lere they are completely burnt, and a differential katharometer 
used to measure the increase in carbon dioxide content, 
lich depends upon the amounts of combustible gases originally 
esent. 

A typical carbon dioxide measuring outfit consists of an intake pipe 
d soot filter for sampling the flue gases, connected by a pipeline 
the metering unit, which comprises the carbon dioxide meter 
oper, a bubbler for washing and saturating the gas and an aspirator 
r drawing the gas sample from the flue. The metering unit is 
nnected electrically to an indicator or recorder and also to a 
urce of electric current. 

The katharometer in the liquid air industry. Large quantities 
liquid air are now produced commercially in order to provide 
^ygen of a high degree of purity, which is extensively used in 
dustrial processes and for medical purposes. Other constituents 
liquid air are also used in industry. In addition to being largely 
in connection with the manufacture of synthetic ammonia 
I calcium cyanamide, nitrogen is required as an inert gas for other 
irposes. Argon and nitrogen-argon mixtures are employed as 
lings for lamps and rectifying valves, while helium and neon are 
^d in connection with illuminating signs and in various other 
rms of lighting. 

Ihe thermal conductivity method of gas analysis may be readily 
pplied to the final commercial products and also at various inter- 
^^diate stages in their production. It is primarily important to 
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measure accurately the purity of the oxygen derived from tl 
liquid air when it is to be used in welding and cutting metals, a 
small traces, say a few tenths of one per cent., of impurity (chiej 
argon) seriously affect the efficiency of the cutting process. Ti 
gases issuing from the generator or compressor are cleaned b 
passing through a filter and, if need be, dried by passage over 
desiccating agent, and measurements are then taken with a standar 
meter using dry air as the comparison gas. The usual range i 
95-100 per cent, of oxygen. If the gas is slightly ab^ve atmc 
spheric pressure it is caused to flow over the meter at a rate of abou 
100 c.c. per minute, the rate being controlled by a throttie valve 
if the gas is at, or below, atmospheric pressure, or if it is impossibl 
to obtain a steady flow, it is necessary to draw it from a vessel o 
large volume by means of an aspirator. A similar method may h 
used to measure the percentage of oxygen in enriched air. Com 
pensation has to be made for the average proportion of argon ii 
the oxy^gen, and, if the purity of the oxygen is not constant, suitabl 
corrections have to be applied to the scale reading. 

In the nitrogen obtained from liquid air,- the only appreciabl 
impurity is oxygen, and, if the nitrogen is to be used as an inerl 
gas or in the production of cyanamide, this impurity should be kepi 
at a low value. It may be measured by causing the oxygen t( 
combine completely with hydrogen added for this purpose, aiM 
measuring the loss of hydrogen due to the combustion. 

In argon used for commercial purposes, oxygen is usually regardei 
as the objectionable impurity ; lamp manufacturers sometime! 
consider a high proportion of nitrogen to be an advantage. Tk 
ratio of oxygen to nitrogen in the impurity does not seriousl] 
affect the analysis for argon, since the difference in the therma 
conductivities of oxygen and nitrogen is small as compared witl 
the difference between the thermal conductivities of these gase 
and argon. The analysis may be made with an unsymmetrica 
meter using dry air as the comparison gas. The meter is balanoei 
so as to be independent of current at about the mean argon reading 
the normal range is 80-100 per cent, argon. The hermal (0 
ductivity method may also be applied to various mtermediai* 
processes in the producticm of argon. A mixture of helium n 
neon is obtained which is practically free from other gases, 
the percentage of helium or of neon may be measured witl 
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[1 uQsymnactrioal meter, dry air being used as the comparison 

EkS< 

pirani pressure gauge. At pressures below about 1 mm. of mercury, 
le product vl (p. 353) is no longer independent of the pressure, 
3 cause I cannot increase beyond the dimensions of the apparatus, 
lie formula ik*= shows that, if Z is constant, h is propor- 

onai to TV \ or, the conductivity is proportional to the pressure, 
this very low pressure region. The Pirani pressure gauge, for 
\e in the region of from 1*0 to 0*0001 mm. of mercury, measures 
e rate of loss of heat from a hlament carrying a current, the 
easurement being made in the same general way as with the 
ttharometer. Its advantage over the McLeod gauge is that it 
n be used to indicate and record rapid fluctuations of pressure. 

THERMAL INSULATION 

One of the chief problems in every-day life is the prevention of 
3 transference of heat. There are four main purposes requiring 
od heat insulators, >OThese are (a) refrigeration and cold storage, 
building construction, (c) the lagging of steam pipes, and (cZ) 
3 insulation of furnaces. 

The following table, taken from a paper by Ezer Griffiths in the 
^irnal of Scientific Instruments (April, 1938) gives a list of some 
the more important modern heat insulating materials. 


Purpose 

Material 

Thermal co’^ductivity 
in British units 

Refrigeration 

Granulated cork 

0-29 


Slag wool 

0*30 


Aluminium foil 

0-29 


Expanded ebonite 

0*28 

Building 

Light-weight aerated 
concretes, density 



40-100 Ib./cu. ft. 

1* 1-2*8 

Steam pipe 

Magnesia 

0-39-0-91 

lagging 

Asbestos 

0-36-0-89 

Burnace insu- 

Diatomaceous brick. 


lation 

density about 30 lb. 

0*0-16 


per cu. ft. 
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The conductivities are expressed in B.Th.U. per hour per squa 
foot per degree Fahrenheit difference per inch thickness (that i 
dQldt is in B.Th.U. per hour, A in square feet, and d6 jdx in Fahrenhei 
degrees per inch). These figures should be divided by 2903 to brin 
them to the values in c.o.s. units ; the student should deduce 
relation for himself. It will be found that for refrigerating materia 
the value of A: in c.G.s. units is about 0-0001, while for build 


materials k is about 0‘0003-0*001. These figures should be con 
pared with those for the conduction across still air, wliich give 


k =0-00006 c.G.s. units (radiation and convection effects elii^ated) 
and with a “ vacuum ” in which a pressure of 10 mm. of^^mercur 


is maintained between silvered faces, for which the equivalent k ii 


0-000002 c.G.s. units. 


In many of the materials listed in the table the effective insulatiii[ 
substance is still air, enclosed in small pockets in the porous material] 
for example, the light-weight concretes (less dense than water!) i 
effectively bubbles blown with cement instead of soap solution. Tb 
use of aluminium, itself one of the best conductors, for ther 
insulation seems surprising ; but it is used in the form of very tli 
foil, which is crumpled up so as to form a large number of vei 
small pockets containing still air. The polished surface prevenl 
radiation across the pockets, and their small size helps in minimis 
convection in the individual pockets. Aluminium foil is markei 
under the trade name of ‘‘ Alfol ’’ ; this material weighs only 3 c 
per cub. ft. ; it is used in refrigerated lorries and railway vans. 

The vacuum flask. Dewar first used double- walled glass vei 
with an evacuated space between the walls for the collection i 
storage of liquid air. Heat cannot pass across the evacuated sp 
by cither conduction or convection, since both of these require j 
material medium. 

In modem “ Thermos ” flasks, the surfaces facing the evacuai« 


space are silvered. When a hot liquid is placed in the flask, 
tion from the hot inner wall to the evacuated space is reduced t 
the silvering, while the silvered outer wall is a poor absorb 
hence transference of heat across the space by radiation is 
reduced. The same considerations apply to the entry of heat 1 
the surroundings when the fla^ contains a cold liquid. W 


flask contains a hot liquid, it is usually stoppered to prevent 


of heat by evaporation. 



VACUUM FLASKS 


361 



^iG. 165. — Effect of radiation in heat transfer across ** Thermos ’* flaskSo 


All the vessels contain liquid air. Of the two right-hand vessels 
evacuated to the same pressure, one is clear and the other has a 
polished aluminium screen in the vacuum space. Abstraction of heat 
from the surroundings is shown by the condensation of atmospheric 
moisture, much reduced when radiation is prevented. The single 
vessel at the left, silvered on the left half only, shows the same effect. 

Reproduced from the Science Mueeum Handbook, “ Very Loir Temperatures ”, by 
permissu>n of the Controller of H. M. Stationery Office. 


chief heat transfer which occurs is due to conduction along- 
material of the walls of the neck — up the inside, round the top 
^he outside. This is reduced by making the neck long, or by only 
tially filling the vessel. There is no particular reason why the 
k should be made of glass, since by making the walls thinner 
^ the neck longer this exchange by conduction could be made 
as small for a metal ffask. Modern vacuum flasks for storing 
lid air are in fact made of copper or steel, with very long necks ; 
are very much more robust than glass flasks. The space* 
the two walls contains a little charcoal, fastened to the* 
"r Wall by wire gauze. This charcoal pocket can just be seen in. 
N.Il. 2 A 
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Fig. 166. — A metal v€u;uum flask in section, and a diagram of Kapitza's dou 
flask for storing liquid hydrogen. 

Reproduced from the Science Museum Handbook, ** Very Lou' T emperatures ”, by 
permission of the Controller of H. M. Stationery Oflict^ 

the photograph of a sectioned metal flask in Fig. 166. Although it 
not clearly shown in the illustration, the charcoal is thus exposed 
the space between the walls of the vessels, and not to the liquid iiisii 
the flask. As charcoal adsorbs gas very efficiently at liquid i 
temperatures, a very high vacuum is maintained in the sp 
between the walls just when it is most needed. 

Kapitza devised a double Dewar vessel for storing liquid hydr 
Inside the vacuum space of the hydrogen vessel, but not in contf 
with the walls, was a copper sheath ; this was connected to a ban 
copper which, emerging through the side of the outer wall througli 
suitable seal, had the other end immersed in a second vacuum f 
containing liquid air. By this means, the temperature diflen ^ 
against which the hydrogen had to be protected was only about j 
degrees, instead of something of the order of 280 centigrade degrf 
'The diagram in Fig. 166 gives an idea of the construction of tbe f 
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CONVECTION 

Convection is the transference of heat by a heated material which 
'io\'cs, carrying its heat with it. It can take place only in fluids. 
^rec or natural convection always takes place vertically, usually 
arrying heat upwards (water below 4® C. is a rare exception), and 
ree circulation is necessary for its continuance. 

The transfer of heat by free convection can be explained in a general 
\'ay fairly satisfactorily. Consider the case of a hot body cooling 
a air. Heat flows from the surface of the body into the adjacent 
aver of air. The rate of flow of heat per unit area depends on the 
eiii])erature difference between the bod3^ and the air, and upon the 
hemal conductivity of the air. 

The rise in temperature produced in this layer of air depends 
)n Die specific heat under these conditions. 

The change in density resulting from this rise in temperature 
jepends on the volume coefficient of the air. 

The Archimedes Principle (net) upthrust on this layer of air 
Jepends on the change in densitj". 

The upward force on this layer of air accelerates it until it moves 
such a speed that the viscous resistance to its motion equals the 
t upthrust. The viscosity is thus involved. 

As heated air rises from the surface of the body, a fresh layer of 
Id air moves up to take its place, thus the cooling continues. 
When it comes to the derivation of theoretical formulae, the 
eatment of the problem by any ordinary means is forbiddingly 
fficult. Relations between the rate of loss of heat and the 
irious physical constants listed above have been derived by the 
ethod of dimensions. In forced convection a steady stream of 
lid is sent past the hot body by external means, and the problem 
a little simpler. 

Empirical laws of cooling in air, or other gas. When a heated 
is allowed to cool in the air, all three methods of heat trans- 
rence are of course in operation. But the air is an extremely 
or conductor of heat, and radiation is chiefly important for large 
'mperature excesses, so that the chief means by which heat is lost 
' moderate temperatures under ordinary conditions is by convection, 
^till-air cooling is natural convection ; ventilated cooling in a 
^^ght is forced convection. For ventilated cooling, in a constant 
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cmrent of air, Newton’s Law of cooling is satisfactory for al 
temperature excesses. That is, for ventilated cooling in a draught 
the rate of loss of heat is proportional to the temperature differed 
between the body and the surroundings. 

In the usual symbols, Newton’s Law of cooling is written 

For temperature excesses greater than a few centigrade degrees, 
the formula is appreciably inaccurate in still air, as might be expected. 
But in a rapidly moving current of gas it holds up to high terpiperature 
excesses, for example, for a motor-cycle cylinder. 

The admirable experiments of Dulong and Petit, described m 
full in Preston's “ Theory of Heat ”, pp. 502-512, and there com- 
mended as “ one of the most elaborate series of experiments evi 
conducted ” resulted in satisfactory empirical formulae for coolinj 
which take into account both radiation and convection in a stj 
enclosed volume of gas. Their method was to observe the rate 
cooling of a thermometer exposed under various conditions, in 
large copper globe surrounded by a bath at a known fixed tempj 
ture. 

First, a set of experiments was done with the globe evacua 
The rate of fall of temperature w^as then due to radiation alonpl 
The formula found w^as i (a® - a®®), 

where is the rate of fall of temperature, k a constant, whi( 
depended on the nature of the surface, a a constant (the same f( 
all surfaces), and 0 and 6^ the temperature of the thermometer 
that of the enclosure. 

Next, a series of experiments was done with different gases 
different pressures in the globe. Allowance was made for 
cooling due to radiation, which should be the same at a giv( 
temperature, whether the space is a vacuum or whether it contai 
gas. When this allowance was made, the formula deduced & 
convection alone was 

where p is the pressure of the gas, m and c are constants which ha’ 
different values for different gases (c-0*45 for air), but are alw. 
the same for the same gas, d and have the usual meanings^ 
the index 1*233 is the same for all gases. 
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The full expression for the rate of fall of temperature due to both 
onvection and radiation is thus 

F = Fj + Fj = fc (a® - a®«) + 0 

The greatest temperature difference employed was about 300 
entigrade degrees. 

We are interested in the formula F 2 =mp'(e- which 

( ill be written, in terms of the rate of loss of heat, - k($- 

dt 

vhere k is constant for a given body in a given gas at a fixed 
iressure. 

Preston states that the Dulong and Petit convection formula 
las no theoretical basis, being simply an empirical formula of wider 
:ange than Newton’s. But Lorentz showed theoretically in 1881 
^hat the rate of loss of heat by convection should be proportional 
($-6)^'^ or which is not far from the of 

}ulong and Petit. Further, Langmuir, investigating the cooling 
if flat discs in still air, found experimentally that the rate of loss 
►f heat vas given by the formula 

-f 

here is thus good evidence, both theoretical and experimental, 
believing that the true law of cooling for natural convection is 
m by this expression, which is often called the Five-fourths Power 

7 . 

b sv?n up, the convection laws are : 

ced convection in a strong draught : New ton’s Law of Cooling, 
namely, rate of loss of heat oc temperature excess. 
ural convection in still air : Five-fourths Power Law, namely, 
rate of loss of heat oc {temperature excessf^*. 
t is customary to use Newiion’s Law of cooling to correct for the 
t lost in calorimetry experiments, although the calorimeter is 
i idly screened from draughts. It is hard to believe that generations 
experimenters would have countenanced the use of an approxima- 
which is unsatisfactory in practice ; the truth is probably that 
ii] a small correction is often unimportant. Large tempera- 
excesses for which the law is known to be unsatisfactory are 
^ply avoided in elementary work, while in accurate work the exact 
^ of cooling should be observed and not computed. 
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What order of error is made in using Newton’s Law instead of thi 
Five-fourths Power Law for still-air convection cooling for tempera 
ture excesses of 10, 20, and 30 degrees, for a given fixed value of k 

105/^ = 17*8, whence Newton’s Law gives 56 per cent, of the tru( 
cooling. 

20®/^ =42*3, whence Newton’s Law gives 47 per cent, of the trui 
cooling. 

305/4 = 70-2, whence Nevi:on’s Law gives 43 per cent, of the trui 
cooling. 

The difficulty is investigated by C. W. Hansel in ‘‘ Pro^^eding, 
of the Physical Society ”, vol. 54, p. 162 (March; 1942). He states 

‘‘ Textbooks of physics often state Newton’s Law of cooling ai 
follows : 

‘ The rate of cooling of a body is proportional to its excess tern 
perature above the temperature of the surroundings, provided tha 
this excess temperature is small.’ 

According to this statement, Newton’s law is not a law at all 
All that is asserted in this statement is that a short enough par 
of the cooling curve (i.e. here the graph of rate of cooling agains 
temperature excess) is straight. This is necessarily true, whateve 
the shape of the curve.” 

One thing is quite certain. Whether or not it is legitimate to us( 
Newton’s law in the cooling correction in calorimetry as an approxi 
mation, it is not permissible to use a cooling calorimeter to demn 
strate New^ton’s law unless there is forced convection. 

Film theory of cooling by convection. The problem of convectioi 
is complicated by the fact that the heat eventually convected awaj 
has, in the first place, to reach the fluid stream by conduction. 

It is believed that the w^hole surface of the cooling bexly is coverec 
by a thin layer of stagnant fluid adhering to the w^all. The differ 
ence between forced and free convection is that this film is more oi 
less continually wiped off and renewed with forced convection if th( 
speed of the fluid current is great enough to cause turbulent motion 
while with free convection it is more or less permanent. 
happens to the heat after it has escaped by conduction througli this 
film is only part of the problem, which starts with the study of cou 
duction through the film, , 

According to this theory, the formula for the rate of loss of be® 
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roni the surface can be 
fthe form 


expressed by a “ 


conduction 


equation ** 


^'hc^e h is called the surface coefficient ”, and the other symbols 
lave their usual meanings. 

Investigation by the method of dimensions shows that for forced 
on^ ection h is independent of the temperature excess {B -6 q), so 
iiat Newton’s Law should be obeyed. The formula obtained for h 
s called Nusselt*s equation, and is 





^hcre k is the thermal conductivity of the fluid, D a length (the 
liameter in the case of a flat disc), t] the coefficient of viscosity of the 
3uid, V the velocity of the fluid past the surface, (7^, the specific 
icat at constant pressure, p the density of the fluid, and (7, 6, d 


fire constants. 


The expression is the well-known Re 3 mol(ls" 


lumber which is involved in many fluid-flow problems. This type 
general formula is applicable to all fluids, liquids as well as gases. 


Now, in forced convection V is constant. In free convection V 
determined by the density changes of the fluid, which are them- 
}hes determined by the temperature excess. Hence h is not 
idcpendent of the temperature excess. It has been shown that 
le formula for h with free convection should be h-X(6 - Bq)^^^, 
here A is an expression independent of the temperature excess, 
rhence 


Different conditions seem to apply if the cooling surface is very 
irge, as this affects the extent of the turbulence of the fluid stream, 
'or very large surfaces it appears that h is proportional to (0 - 
i^hence the rate of loss of heat by free convection is proportional to 

^his section is based on the chapters on Convection in Brown 
‘iid Marco’s “ Introduction to Heat Transfer ” (McGraw-Hill Book 
Du;.). A fqrther account of the application of the method of 
P^cnsions to convection problems is given in Appendix I, 
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RADIATION 

Radiation was defined by MaxweU as the transfer of heat fron 
a hot body to a cooler body without appreciable heating of the 
intervening space. 

It is now known that thermal radiation, or “ radiant heat 
is a means of transferring energy by transverse electromagnetii 
waves, and is similar in nature to light, radio waves, ultra-vioL 
rays, and X-rays. 

It is difficult to imagine the propagation of waves '^^thout 
medium, and it is still usual to speak of all these waves as wav 
in the ether, which is regarded as a medium pervading all space. 
No direct evidence for or against the existence of such an ether hi 
ever been obtained, and it is believed that it is impossible to obi 
such evidence. It is also hard to picture transverse waves spreadii 
out in all directions in space. This difficulty can be overcome ft 
the present purpose by considering the simplest possible case 
a transverse wave, such as a wave along a string. 

A a' 

X '' 

Fio. 167. — Illustration of wave motion. 

Fig. 167 represents a portion of an extremely long string, one c 
of which is executing a linear simple harmonic motion in the pi^ 
of the paper at right angles to the line X Y, If this end execuft 

V complete vibrations per second, then in each second p comple 
waves are propagated along the string, with a constant velocity t'j 

V is called the frequency of the wave motion. The uxzve-lengih Ai^ 

the distance between two corresponding points on adjacent wav 
such as AA\ BB' , or CC', Considering any one second, the wav( 
which is started at the beginning of this interval has travelled ^ 
distance v by the end of the second, and the space behind it containr 
the V waves each of wave-length A which have been started dun 
the seconcL Hence, v = or v-vjX. This expression is trut^^j 
all types of waves. J 

All electromagnetic radiations travel in free space with the sai^ 
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Jocity, the value of which is nearly 3 x 10^^ cm. /sec. — ^the “ velo- 
ty of light This is denoted by the symbol c, so that the relation 
jtween wave-length and frequency is v=c/A. 

In optics, white light is dispersed by a prism or other means into 
spectrum with the colours arranged in increasing wave-lengths 
om violet (A=4 x lO-® cm.) to red (A = 8 x lO-® cm.). This 
jectrum is only a small fraction of the total range of electro- 
magnetic waves, which extend from the y-rays of artificially 
[.dioactive bodies (A = 10“^^ cm.) to the long- wave radio transmitter 
1=2000 metres). For radiations in and close to the visible 
lectrum, wave-lengths are expressed in terms of the Angstrom 
ait (A.U.) ; 1 A.U. = 10'"® cm. Longer wave-lengths are usually 
tpressed in terms of the micron fx; 1/x = 10*^ cm. 

The characteristic properties of the different types of rays or 
aves are due to differences in frequency or wave-length. 

Suppose that, by means of suitable non-absorbing prisms or 
ratings a complete spectrum of sunlight as received at the surface 
f the earth can be cast on a screen. The familiar succession of 
Dlours is observed — red, orange, yellow, green, blue, indigo, violet 
in order of decreasing w’ave-length. A sensitive thermal detector 
loved along the coloured portion shows that the screen is receiving 
eat as well as light. If the instrument is moved beyond the red 
nd of the spectrum, it indicates strong reception of heat, showing 
hat there is an invisible extension of the sun’s spectrum beyond 
he red end ; this is kno\vTi as the infra-red region. The same 
trument shows that the heating effect extends beyond the violet 
nd of the spectrum, into the ultra-violet. Whenever any radia- 
n, visible or invisible, is absorbed, heat is produced. 

This statement is true even at the extreme limits of the complete 
electromagnetic spectrum, though in general only part of the 
lergy of the radiation is so converted. Radio waves when 
bsorbed by an aerial induce currents in it ; and whenever a current 
lows in a conductor, heat is produced. Beams of y-rays of known 
^tensity have actually been used as standard heat supplies in 
palorimetry experiments at very low temperatures. But, while 
Radiations from all parts of the spectrum may generate heat when 
'bsorbed, we shall be thinking chiefly of infra-red radiation in this 
bapter. Two reasons for this are, that the chief radiation emitted 
most practical sources of heat is in the infra-red, and that other 
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radiations such as X-rays and radio waves have remarkable dig. 
tinctive properties which make their heating effects of trivia] 
interest. 

Is radiation or radiant heat a new form of heat^ or merely a special 
means of transferring heat? Planck, in his “Theory of Heat” 
stresses the dual nature of the problem, distinguishing between 
“ radiant heat ” and “ heat in bodies ” (or sensible heat). He 
points out that the emission of radiant heat occurs by the con- 
version of heat of the emitting body into radiation, while tfee recon- 
version of radiation to “ heat in a body ” requires the absorption 
and annihilation of the radiation. 

The point may be further emphasised, in that the heat in a 
body is regarded as the total energy of the oscillating or random- 
moving particles which compose it, while radiant heat is energy 
propagated through space with the speed of light. To use a 
somewhat loose analogy, if we regard the energy of the electric 
charges executing oscillations in the electric circuit of a small radio 
transmitter as corresponding to heat in a body, the energy radiated 
from the aerial corresponds to radiant heat ; when this radiation is 
absorbed by a conductor, it is transformed again into an oscillating 
current or particle movement in the conductor. 

We are chiefly concerned with the transfer of heat from one body 
to another in practical problems ; that is to say, with the emission 
and absorption of the radiation rather than with the intervening 
radiation stage itself. 

Optical properties of infra-red radiation. Infra-red radiation, 
like light, travels in straight lines in a homogeneous medium. On 
a hot summer day, a person in the shade is out of reach of the sun’s 
heat as well as shielded from its direct light. 

Infra-red radiation follows the ordinary rules of photometry, 
which depend on the rectilinear propagation of light. Thai is, 
the intensity of the radiation received on a screen from a small 
source varies inversely as the square of the distance from screen to 
source and is proportional to the cosine of the angle of incidence 
on the screen. 

Infra-red radiation travels in empty space with the same velocityj 
as light. When eclipses of the sun occur, the heat is cut off at 
same instant as the light. 

Many materials which are transparent to light are transparent 
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5 the near infra-red ; that is, wave-lengths up to about 5/x. Ordin- 
y transmits to 3 /l 6, fluorite to 9/i, rock salt to 15/x. On the 
her hand, some bodies, such as a solution of iodine in carbon 
isulphide, while quite opaque to visible light, transmit infra-red 
tdiation well. 

Infra-red radiation is reflected and refracted according to the 
me laws as light, though the refractive index of transparent 
ubstances is less than for the visible part of the spectrum. Hence 
he use of concave mirrors and burning glasses to focus the sun’s 

ays. 

Infra-red radiation, like light, is absorbed by dark, rough surfaces, 
nd reflected by light, smooth surfaces. It shows the phenomena 
if interference, diffraction, and polarisation, which indicate that it is 
wave motion of a transverse type, as is light. The radiation also 
effects suitable photographic plates, sensitised by being bathed in 
ertain dyes, and affects a caesium photocell. 

It is thus concluded that radiant heat, or infra-red radiation, is 
■eallv a method of energy propagation of the same nature as light, 

.e only real difference being that the human eye is not sensitive 
this range of wave-lengths ; or, to put this in another way, 
fra-red is a “ colour ” to which everyone is “ colour blind 
Detection of infra-red radiation. The instruments described 
low are those chiefly used for demonstration purposes. Accurate 
uantitative instruments are described later. 

As has already been mentioned, a thermometer with a 
lackened bulb may be used to detect thermal 
idiation. 

The ether thermoscope (Fig. 108) has two bulbs, 
e lower of which is blackened. The space 
hove the ether column in each bulb contains 
durated ether vapour. A small rise in tempera- 
te in the neighbourhood of room temperature 
Uses a considerable increase in the s.v.p. of 
her. Hence, when the blackened bulb is 
posed to radiation, which it absorbs, the re- 
hing increase in s.v.p, sends the ether up 
tube. Changes in the temperature of the 
^roundings affect the s.v.p. in both bulbs Igg. 

[Uallv. Ether thermoscope. 
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The Crookes’ radiometer (Pig. 169) is also 
useful demonstration tool. A light windm 
with four verticjal vanes of mica is mounted 
spin on a vertical axis. One face of each van 
is blackened, and the blackened sides all fac 
the same way round. The glass enclosure i 
exhausted to a pressure which is so low tha 
the mean free path of the air molecules is con 
siderable, but which is not an extremely io\ 
pressure. The blackened faces absorb i^diatioi 
Crookes' radiometer, better than the polished faces and so, 0,s micj 
is a poor conductor of heat, the black face 
are always hotter than the polished faces. Hence, molecule 
striking the black faces rebound with an average velocity grea 
than that for the polished faces, and the reaction causes the mil 
to spin round with the polished faces leading. A simple analogy 
this part of the action is the Catherine wheel for as the pressure 
is so low that the rebounding molecules travel some distance before 
colliding with other molecules, the effect is as if there were a con- 
tinuous stream of hot gas coming from the blackened faces. 

The thermopile (Fig, 170) consists of a set of thermocouples 
connected in series. The “ hot ” junctions are blackened and 
exposed to the radiation, while the “ cold junctions are covered 
with a heavy metal cap. The thermopile 



is connected to a sensitive galvanometer 
which should have a resistance approxi- 
mately equal to that of the thermopile. 
The usual type employs antimony-bismuth 
couples. 

The differential air thermometer (Fig. 171 ) 
consists of two equal closed bulbs C and D 
containing air at ordinary pressure, connected 
by a U-tube which serves as a liquid mano- 
meter. Bulb D is blackened, while Ois 
clear. Both bulbs are affected equally by 
changes in the temperature of the surround- 
ing air, so any difference between the levels 
A and B can only be due to the absorption 
of radiation by Z>. 


HOT 



Fio. 170. 

Scheme of thermopile* 



373 


RADIATING POWERS OP SURFACES 

Using a small electric bowl fire as a source, 
ajid any of the above as a detector, simple 
demonstrations can be devised to show that 
radiant heat travels in straight lines, obeys 
the law of inverse squares, obeys the laws 
of reflection at plane surfaces, is focused by 
concave mirrors and convex lenses, is trans- 
mitted to a considerable extent by a thin sheet 
of glass, and is absorbed strongly by a cell 
containing a few centimetres of water. It may 
also be shown that the radiation from an iron 
ball, heated to just below red heat, is absorbed 
by glass much more markedly than that from 
the much hotter electric fire, indicating that the radiation from 
ources at different temperatures may differ in qiLality as well as 
Q intensity. 



Fig. 171. — Differential 
air thermometer. 


RADIATING POWERS OF DIFFERENT SURFACES 

(a) Leslie’s Cube. Different surface finishes are applied to the 
bur vertical faces of a cubical tin box. Face 1 is made a dull 
)lack with lamp black, face 2 is coated with black enamel, face 3 is 
ainted a dull white, while face 4 is brightly polished. 

Water is maintained steadily boiling in the cube, and a thermopile 
)r some other radiation detector (screened from the direct radiation 
)f the bunsen under the cube) held at exactly the same distance 
om the centre of each face in turn. The observations show that 
ace 1 is radiating strongly, faces 2 and 3 slightly less strongly, and 
ace 4 very feebly. All the four faces under test are at the same 
-emperature, and considering the two extremes 1 and 4, the experi- 
ment shows that a dull black surface radiates much more strongly 
ban a polished silvered surface. We know that a blackened surface 
absorbs radiation strongly, and a polished silvered surface absorbs 
Jy a fraction of the radiation falling on it. 

Hence, a dull blackened surface is a good emitter and a good 
^bsorber ; a silvered polished surface is a bad emitter and a bad 
orber. In general, tor all other types of surface, good absorbers 
I'l'e good emitters, and bad absorbers are bad emitters. 

spite of the evidence of this experiment, people often find it 
1 to believe that a polished surface is a bad emitter. Why is the 
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polished metal reflector used behind the element of an electric fire 
if not for the purpose of emitting radiation? The point here ig 
that the polished surface, just because it is a poor absorber of radi 
tion, reflects most of the radiation falling upon it. To use 
analogy, the Rugby three-quarter with a good pair of hands wij 
be a good absorber of passes and also a good emitter ; the clunis 
player who habitually reflects the ball from his chest or his t hil 
is a good reflector of passes, but a bad absorber and a, bad emitter. 

This “ passing ” analogy is perhaps closer than at first appears 
For a surface is a boundary which faces inwards towards bodi 
as well as outwards towards the surrounding medium, and tli( 
generation of the radiation emitted from a body must take plac( 
within the body itself. At all temperatures, all parts of a body art 
oscillating and generating radiation. A blackened surface is at one 
and the same time absorbing the heat radiated from within the bod} 
and “ passing ” it outwards, while a polished surface reflects bad 
into the body the radiation which strikes its inner surface, absorbing 
little so that there is little available to be passed out. 

(6) Ritchie *s experiment. The two bulbs X and 7 of a differential 
air thermometer are made in the form of two horizontal metal 
cylinders with flat end faces (Fig. 172). One face P of 7, is silvered, 
and one face, B, of X, coated with a dull black. A third cylinder, 
Z, also with one flat face blackened and the other polished, is 
placed midway between the two bulbs, so that its polished side 
faces a blackened bulb, and its blackened side faces a polished bulb. 
The liquid index remains steady, showing that the rates at M'hkla 
X and I' receive radiation are exactly the same. This can be 

explained as follows. 

Let be the energy emitted per 
second by the biackeaed face, £\ that 
for the polished face. Let Ai be the: 
fraction of the incident radiation, 
absorbed by the blackened face andj 
Ag that by the polished face. 

For X, the energy emitted by the 
polished face of the can Z per second 
is El, Of this, a certain fraction 
(depending on the separation of tbej 
faces) strikes the face of X, so thatj 


R P 



Fig. 172. — Ritchie's exT>eriineiit. 
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le energy incident on X per second is A fraction of this 

1 absorbed, so the rate of reception of energy by X is ocEiAg. 

For Y, the energy emitted by the blackened face of the can Z 
,r second is Xg, the fraction of this striking the polished face of Y 
oiEi, and the fraction absorbed by F is ; so the rate at which 
^ receives energy is ocE^^. 

but the two bulbs are receiving energy at the same rate, so 

ctEiA2 “ flcE2Aj. 

• or 

•• A,- A,- 


That is, the emitting power of a surface is proportional to its 
ibsorbing power. 

The quantity E has not been defined precisely here ; obviously 
ts value depends on the areas of the surfaces and also the tempera- 
,ures concerned ; but the matter will be put in a more precise way 
ihortly, when this important relation is deduced theoretically. 
Prevostls theory of exchanges. Consider a non-conducting en- 
Josure, with walls at a definite temperature, into which are placed 
ieveral bodies C, of different materials and surfaces, and at 

lifferent temperatures (Fig, 173). Suppose that heat interchange 
between these bodies takes place by radiation only, and that the 
ledium surroimding them is perfectly diathermanous, or transparent 
radiation. Suppose that at first is at a high temperature, B 
it a moderate temperature, and C at a low temperature. After 
ficient time from the start has passed, the whole of the walls and 
intents of the enclosure will have reached a steady uniform 
^mperature. 


At first, A loses heat by radia- 
tion to B, (7, and the walls ; B 
ains heat by radiation from A^ 
1 loses heat to C and the walls, 
J^ut we cannot suppose that 
the radiation from B is emitted 
in such a direction that it 
all select cooler bodies to fall 
during this process, B is 
fiaitting heat to A as well as to 
rest of the enclosure ; the 



Fio. 173. — Bodies in a uniform tem- 
perature enclosure. 
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temperature of B rises because it gains more heat by radiation that 
it loses. 

When a uniform temperature is reached, the process of radiatioi 
does not stop. Each body is radiating to all the other bodies anc 
the walls, and each body is absorbing radiation from all the othe: 
bodies and from the walls. All the bodies and the walls are at t 
constant temperature, because each part is in a state of dynamii 
equilibrium, absorbing in any interval of time exactly as mucl 
radiation as it emits during that interval. There is continually i 
constant stream of radiation from point to point in all di^ectioni 
in the enclosure. ;; 

Now consider the bodies individually, and suppose that A i 
black, B highly polished, and C a substance which can absorb onl3 
radiation of one particular wave-length. The body A absorbs al 
the radiation falling on it ; it must therefore emit radiation strongl} 
at exactly the same rate as it absorbs it, or its temperature wil 
rise. The body B absorbs very little radiation ; it must emil 
radiation feebly, at exactly the same rate as it absorbs it, or it* 
temperature will fall. The body C can only absorb radiation of s 
particular wave-length ; it must radiate at exactly the same ratt 
as it absorbs, and its radiation must take the form of this parriculai 
wave-length, for if it did not, the radiation in the enclosure would 
become more and more deficient in this wave-length, and the 
temperature of C would fall for lack of the only radiation it car 
absorb. 

Hence, in a uniform temperature enclosure, each body in any 
interval of time radiates exactly as much energy of exactly the 
same kind as it absorbs during that interval. Bodies contained in 
the enclosure thus have no effect on either the kind or the quantity 
of the radiation streaming to and fro in the enclosure, and the same 
must be true of the walls of the enclosure. 

Therefore the quantity and kind of radiation within a unifom 
temperature enclosure do not depend on the nature of the materialj 
it comprises or contains, and depend onlyjon the temperature of the 
enclosure. We can thus speak of the radiation within such ar 
enclosure as temperature radiation ”, or ” full radiation 

This line of reasoning, with the idea of a state of dynamic equ’ 
biium, is known as Prevost's Theory of Eacehanget. 
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THE BLACK BODY 

Bodies with bla<ck surfaces have this appearance in ordinaiy 
light because they absorb all the wave-lengths of the visible spec- 
trum. We do not usually speak of shades of black, but if the term 
blackness is used to mean absorbing power we can distin- 
guish between degrees of blackness, ranging from that of a sheet of 
polished black glass to that of powdered charcoal or black velvet, 
and it is clear that to obtain the greatest blackness, the surface 
besides being made of suitable material should be rough, with 
irregularities which are large compared with the wave-length of the 
light concerned. There is one further requirement, and that is 
that the surface must be of appreciable thickness. 

In physics, the terip black body is used with a definite meaning, 
to denote a perfect absorber of all radiations. 

A perfectly black body, which shall absorb all kinds of electro- 
magnetic radiations completely, is extremely difiicult to picture, 
but we exclude the extreme regions of the full spectrum here, and 
consider only ultra-violet, visible, and infra-red radiation. Even 
here, for the longer wave-lengths, it is difficult to find surfaces 
which, besides satisfying the other conditions, are rough enough. 

, But a perfect absorber for the range of radiations we are considering 
tan be manufactured. A cavity in the form of a hollow sphere, 
with the inside coated with rough black material, and with a small 
hole in the surface for the admission of radiation, will absorb the 
whole of the radiation falling on the hole (with the exception of a 
very small amount indeed, depending on the size of the hole, which 
may be reflected out). Such a cavity may be regarded as a per- 
fectly black body. 

As a perfectly black body is the most perfect absorber of radia- 
tion, it must also be the most perfect emitter. The radiation 
proceeding from such a cavity for any temperature of the walls is 
Called the black body radiation or cavity radiation for that temperature. 

Now suppose that a perfectly black body is contained in a umform 
‘temperature enclosure. It absorbs all the radiation falling on it, 

the intensity and kind of radiation it emits is exactly the same 
^8 the intensity and kind of radiation it absorbs. From this we 
conclude that the radiation within a uniform temperature enclosure 
is exactly the same in intensity and kind as the radiation 

N.H. 2 b 
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absorbed and emitted by a perfectly black body at the same 
temperature. Further, as the radiation within the enclosure 
depends only on the temperature, the intensity and kind of 
the radiation from a perfectly black body depends only on its 
temperature. 

Hence, when speaking of this particular intensity and kind of 
radiation, which depends solely on the temperature of the radiator, 
it is referred to as the 


temperature radiation, 
full radiation, 
cavity radiation, or 
black body radiation 


for that temperature. 




INTENSITY OF RADIATION 

In speaking of the emission of energy by radiation from the surface 
of a body, we can consider either : 

(a) the total energy emitted per square centimetre per second, 
which is the total emissive power e for that particular temperature, or 

(b) the energy emitted per square centimetre per second within a 
finite wave-length range between w ave-lengths A and A + dX, which 
depends on the size of the wave-length interval dX itself, and is 
expressed as e^dX, where is called the emissive power for wave- 
length A. (The term emissive power, e, should not be confused with | 
emissivity as defined for other purposes on p. 330.) 

For unit area and unit time, the total energy of tfee radiation of ] 
all wave-lengths is e, while the energy between A and X + dX is ejk 
Clearly e is the sum of all the terms dX for all the wave-lengths 

concerned, so that e-Zcj^dX, or € = le^^ciA for a continuous range 
of Xs. ^ 

The capital letter symbols E and will be used instead of c 
and 6;^ when referring to a perfectly black body. 

Now, the radiation in a uniform temperature enclosure is travel- 
ling through the enclosure and is therefore contained within the 
space of the enclosure. This space is therefore the seat of a certain; 
fixed quantity of energy at any temperature. To find a meaning] 
for the term “ intensity of radiation in an enclosure ”, consider 
radiant energy per unit volume, or energy density u. 

Consider one square centimetre of a perfectly black surfan®] 
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^vithin such an enclosure, and suppose for simplicity that it emita 
all its radiation normally. The total energy emitted normally in 
one second is thus E* The velocity of the radiation is c. So the 
total energy emitted from the surface in one second, supposing that> 
it travelled unimpeded, would fill a cylinder of length c cm. and 
cross-section 1 sq. cm., that is, a volume c c.c. The energy in 
1 c.c. of the medium is thus Ejc if this is all that happens. 

But in the uniform temperature enclosure, radiation is proceeding 
towards the surface as fast as it is lost from it, hence, as the same 
^ space contains both streams of radiation, the total energy density 

o Jp 

I should be twice that calculated ; that is, u = — . 

c 

Now the surface actually radiates in all directions, and the proper 
Iculation (which will not be attempted here) takes this into 
count, and shows that the result should be multiplied bv a 
ctor 2. 

Thus, the total energy per c.c. of the enclosure is 

4E 


liile, for the range A to A + dA, the energy per c.c. is 


Ux dX = 


4E^dX 


The relation between the i^’s and the £”s is thus 

As the i^’s are proportional to the J^’s, the same laws of variation 
old for both and either may be used to denote the ‘‘ intensity of 
^0 radiation concerned. The word intensity as applied to radiation 
oni a surface means the appropriate emissive power, E, e, or 
e^dX; as applied to an enclosure containing radiation it 
tns the appropriate energy density u or dX. 

Emissive power and absorptive power* Eirchhoff’s Law* Con- 
jider a body of any type of surface at equilibrium in a uniform 
^Qiperature enclosure. The energy emitted per square centimetre 
second in all directions between wave-lengths A and A + dA is 
where is the emissive power of that surface for that particular 
^ve-length and temperature. 
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Let the enexgy &lling on unit area per second within the same 
wave-length limits be dQ, which depends only on the temperature 
of the enclosure. 

Let the fraction of the incident energy absorbed between the 
wave-lengths A and A + dA be a;^ is called here the absorptive 
power of the surface. The total energy absorbed by unit area pei 
second is thus dQ. 

As the temperature of the body is constant, the rate of emission 
of energy equals the rate of absorption, 

e^dX-a^dQ. 

•• a/ dA‘ 

As dA is a chosen fixed interval, and dQ depends only on the 
temperature of the enclosure, the right-hand side of this equation 
must be constant. 

So, whatever the nature of the body, the ratio is constant. 

If the body happens to be a perfectly black body, we write 
for the emissive power, and the absorptive power is 1. So, 


_ J7f 

. Hence, at any given temperature, (he ratio of the emissive pom 
of any body for any tvave-length to its absorbing power for that wave- 
length at that temperature is constant, and is equal to the emisdve 
power of a perfectly black body at that temperature. 

This statement is known as EirchbofiTs Law. 

The ratio e^^fEj, is often referred to as the emisaiTity (a term which 
is also used with another meaning on p. 330). 

the emissivity as here defined is equal to the ab-j 

sorbing power. 

Ex increases as fixe temperature rises ; hence it is important to 
realise that e^/sA increases as the temperature rises, and is onIy| 
omstant in the sense that it has the same value for all kinds dj 
surface at a fixed temperature and wave-length. 

An ideal suifaoe for which Oa is constant for all wave-lenf'^j 
(fliough not equal to unity) that is, for which Cx is exactly the si 
fraction oi Ex ah ^ wave-lengths, is called a grey body. 
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Ej?)«tii!ieaital tests of Kirchhoffs Law. Is it possible to verify 
Circhhoff s Law directly ? The conditions of the CLTgwinieiit^ a 
uiiform temperaluie enclosure^ sure closely reproduced in tiie heart 
>f a good fire, or inside a long cylinder of graphite raised to red heat 
ilectrically. Bodies of diflEerent kinds placed inside such an 
enclosure become ktdistmgaishable from the background, showing 
;hat they compensate exactly for the quantity of each radiation 
,hey absorb, by the quantity they emit ; so the law holds within a 
iniform temperature enclosure. 

But the law as deduced does not demand that the body shall 
[lecessarily be in equilibrium in such an enclosure. How does it 
supply* ^ ^ piece of red glass at air temperature, exposed to 
white light? The glass appears red because it absorbs green light 
strongly. Why does it not emit green light strongly? It is said 
fchat if such glass is heated to incandescence it appears green, a 
statement on which the student would do well to reserve his opinion 
until he observes for himself the appearance (or non-appearance) of 
this efiect ; but what happens at red (?) heat has nothing whatever 
(at least directly) to do with Kirchhoff’s Law as applied at air 
temperature. The facts surely are that at air temperature Ex is 
infinitesimally small for green light, and Cx is also infinitesimally 
small, but approximately the same in value as Ex* Hence the 
ratio Cx! Ex gives a finite value which is approximately equal to unity, 
the value of Ux* The popular misunderstanding of this and other 
similar points is probably due to confusion between the emissive 
ower ex and the emissivity CxjEx* 

The green radiation absorbed in this case must, of course, be 
onverted into “ sensible heat ” ; and when the red glass is at a 
teady temperature, heat is b^ng radiated as fast as it is absorbed, 
ut in the form of long infra-red radiation, for which Ex at air 
emperature is appreciable. 

It must be remembered that Kirchhoff’s Law is a quantitative 
and attempts to apply it qualitatively are useless without some 
dea of the relative sizes of the quantities concerned. 

The best-known illustration of Earchhoff’s Law is the famous 
ine-reversal experiment of Kirchhoff and Bunsen. A source of 
^hite light is viewed through a sodium flame by means of a spectro- 
cope. Two fine dark lines are observed in the continuous spectrum, 
^ exactly the same position in the spectrum as the bright yellow 
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lines emitted by sodium. Absorption, given by the relation 
occurs for just these two closely adjacent wave-lengths 
for which is large. For all other wave-lengths at this temperature 
•ex is zero, and so is zero. 

RADIATION MEASUREMENTS 

1 . The bolometer. This is really an extremely sensitive platinum 
resistance thermometer, of very low thermal capacity. The original 
form, due to Langley, consists of a grid made of very thin platinum 
foil, blackened to absorb radiation. This grid forms one eVm of a 
Wheatstone bridge, while a similar compensating grid, not exposed 
to radiation, is placed in the opposite arm. With this compensating 
grid, changes in the temperature of the surrounding air should cause 



Fig. 174. — Bolometer grid. Fio. 175. — Connection of bolometer 

grids in bridge circuit. 

no appreciable effect on the balance of the bridge. In an improved 
form due to Lummer and Kurlbaum, four grids are used, and con- 
nected one in each arm of the bridge (Figs. 174 and 175). Changes 
in room temperature are thus completely compensated, and the 
two heated strips double the effect of the radiation. The whole 
is surrounded by a well-lagged box to maintain the temperature 
-constant, the radiation being admitted through a small aperture 
in the box. 

This instrument was used by Lummer and Kurlbaum in theirj 
investigation of the distribution of energy in the spectrutn of« 
black body. It gives extremely accurate relative measuremeht'^ j 
For spectrum work the actual bolometer strip is a single narroi^j 
strip of platinum instead of a grid ; this is called a iiziear bolometer. 
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The bolometer has also been adapted for the absolute measurement 
’ radiation. The rate at which electrical energy must be supplied 
) the unexposed strip to balance the supply by radiation of energy 
) the exposed strip is measured. 

2. Callendar’s Radio-balance (Fig. 176). This enables absolute 
leasurements of the received radiation to be made by neutralising 
le heating due to the absorption of radiation by the cooling caused 
Y the Peltier effect at the junction of a thermocouple. The thermo- 
)iiple is essentially a heat engine, with the hot junction as source 
nd the cold junction as sink ; the thermo-electric current itself 
luses abstraction of heat at the hot junction and liberation of heat 
t the cold junction, and an externally supplied current similarly 
eats one junction and cools the other. This is the Peltier effect. 
The apparatus consists of two copper cups, 3*5 mm. in diameter 
:id 10 mm. deep, which are connected by a differential copper- 
onstantan thermocouple with one junction soldered to the bottom 
if each cup. This thermocouple is connected in a circuit containing 
. battery JS, rheostat i?, and ammeter A, so that a measured current 
an he passed through the couple. Connected to the two cups are 
wo other separate sets of thermocouples (or thermopiles) PC', which 
ire shown detached in the diagram for the sake of clearness ; these 


ire connected to a sensitive gal- 
vanometer O, 

When radiation is allow^ed to 
all on one of the two cups, a 
current is passed from B until 
? shows no deflection. The two 
cups are then maintained at the 
ame temperature. The exposed 
cup is (a) heated by radiation, 
uci (h) heated by the Joule 
heating effect, and (c) cooled by 
the Peltier effect at the junction, 
^he other cup is {a) being heated 
cy the same Joule heating effect, 
ud (6) being heated by the 
^eltier effect, which at this junc- 
ion causes the liberation of heat, 
he reading of A is observed. 



Fio. 176. — Callendar’s radio-balance. 
Hy couft$iy of thi6 CotnMdoc In^fuiMtU Co,f Ud» 
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The radiation is then made to fall on the other cup, the previously 
exposed cup being screened, and a second ^ of readies taken 
The mean of the two current readings is found. 

The intensity of the radiation in ergs per sq. cm. per second is 
calculated as follows. When a charge q coulombs passes througli 
a thermocouple, the heat evolved at one junction and absorbed 
at the other is Trq joules, where tt is called the Peltier coefficient 
for the couple, and is here expressed in volts. 

The difference between the heats evolved at the two jurictions is 
thus 27rq joules. As the charge in coulornbs equals the j;)roduct 
current in amperes y^tirm in seconds, then in one second the charge 
q passing equals the current I in amperes. 

Hence the difference between the two rates of heating is 2-nl 
joules per second, or 2tt1 watts. This just counterbalances the rate 
of heating caused w hen radiation falls on one cup only. 

Let H be the rate at which radiant heat energy strikes the 
apparatus, in joules per sec. per sq. cm. or w^atts per sq. cm., let 
A sq. cm. be the mean of the two areas of the apertures, and a the 
absorption coefficient of the blackened cup. 

The rate of absorption of energy is then aAH watts. 

Thus aAH -2nl, 

„ 27rl 

or w’atts per sq. cm. 

10’.27r/ 

' — A^ 

27rJ , 

~oa7 

As the Peltier coefficient varies with the temperature, the mean 
temperature of the apparatus has to be determined to at least 1° C. 
The apparatus has been used for many types of radiation measure- 
ment, including the determination of the solar constant (p. 406) 
and the evaluation of Stefan's constant (p. 390). 

3. Sensitive thermopiles. The ordinary type of thermopile 
fir too large a heat capacity to be of use in accurate work. lor| 
sensitive thermopiles, thermocouples made of very fine ^vires 
bismuth and silver are used. Arranged so that the “ hot '' 
all lie along a line, the linear thermoj^ has been used to exp 
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the energy distribuiaon in tlie spectrum. Modran sensitive thermo- 
piles are often mounted in evacuated containers to reduce losses 
from the hot juuctioiis. 

A very sensitive radiation detector, called the radio-micro- 
meter, was designed by C. V. Boys. Fig. 177 shows the general 
structure of the instnment. One junction of a small antimony- 
bismuth thermocouple is attached to a small blackened copper disc, 
shown edgeways, of small thermal capacity, on which the radiation 
(directed down a horizontal channel in the case) falls. The circuit 
is completed by a loop of copper, at the upper end of which is a fine 
rlass rod carrying a mirror to reflect a beam of light on to a scale. 
The whole is suspended from a fine quartz fibre, with the copper 
loop between the poles of a permanent magnet. The instrument 
s really a combined thermocouple and galvanometer, as, when the 
hermoelectric current is generated by radiation falling on the copper 
lisc, the copper loop turns in the magnetic field until arrested by the 
orsion of the quartz fibre. 
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4. Acctirate radiometers. The vane radiometer designed b} 
Nichols in 1897 is really an accurate modification of the Crookei 
radiometer. Fig. 178 indicates its construction. Two narrow mica 
vanes A and B are attached to narrow glass crosspieces and to a 
fine glass rod carrying a mirror AT, the whole being suspended from 
a fine torsion fibre W. The blackened faces of the vanes are close 
to the fiuorite window of the containing vessel, through which the 
radiation enters. The container is evacuated to a pressure, of about 
0*02 mm. of mercury. The radiation falls on one vane A ^nly, the 

other B (indicated a$\ clear in 
the figure) being shielded and 
'N. serving as a compensator for 

^ \ stray radiation. The exposed 

— ■ — • vane is thus heated to a tem- 

perature higher than that of 
W the adjacent fluorite window, 

and the circulation of thei 
Jb residual gas between the vanej 

and the window sets up 
small pressure tending to 
move the vane ; the suspended 
I system thus rotates against 

1 ^/^^ /f^^romhmp the control of the quartz 

J fibre. 

S Jpc/, »pjjg effectiveness of all these 
I instruments depends largely 

L J on the blackening of the actual 

receiver. Soot firom burning 

Fio. 178.-Vane radiometer. camphor is UfluaUy used. Ac- 

cording to an article b}' A. H. 
Pfund in Forsythe’s “ Measurement of Radiant Energy ”, camphor 
soot is unsatisfactory for long infra-red radiation, transmitting « 
much as 50 per cent, of the incident radiation for wave-lengths i 
about llfjL. Platinum black and zinc*i)lack in films of suitab 
thickness are much more complete absorbers of long infra-n 
radiation, absorbing equally well for shorter wave-lengths, 
absorption in the extreme infra-red only is required (with tn 
parency at shorter wave-lengths) finely divided powders of 
calcite, or fluorite have been used. 


V 




Fig. 178. — ^Vane radiometer. 
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Black-body sources. Lummer and Pringsheim, in the course of 
heir investigations on the distribution of the energy in the spectrum 
)f a black body (1897) used as a source a hollow copper sphere coated 
nside with platinum black, and investigated the radiation emerging 
rom a small hole in its wall. The sphere was heated up to 600*" C. 

a suitable bath of fused salts. For higher temperatures up to 
300" C, an iron cylinder with blackened inside was used, and the 
adiation from jfche inside observed. The same experimenters in 
ater v^^ork on the applicability of the radiation laws to the measure- 
nent of temperature used a thin tube of carbon, which was heated 
)y an electric current passing along its wall ; as before, the radiation 
rom the inside of the tube was observed. This radiator is repre- 
?nted in Fig. 179. The carbon tube R was 34 cm. long, 1*2 mm. 
hick, and with internal diameter of 1 cm. Copper-plated carbon 
‘nd-pieces A served as current leads. The back wall of the radiating 
•avity was formed by the carbon plug P^, fitting tightly in the tube. 
Behind this was a second plug and a third plug Pg which sealed 
he tube from the atmosphere at the far end. The tube was gradu- 
illy destroyed by combination with the oxygen of the air, but 
)recaution8 were taken to make this process as slow as possible. A 
— ent of nitrogen circulated through the shutter F at the open end 
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€f tube, and the whole tube was surrounded by a carbon tube JJ 
which helped to remove oxygen from the air in the neighbourhood 
of £. This was surrounded by other cyimdws of fireclay and 
asbestos, as indicated in the figure. D and D are plates of coppei 
attached to copper rings (7, <7, their purpose being to remove heaf 
from the ends of the apparatus. lie current passed through I 
was about 160 amperes, and a steady temperature of about 2300« 
absolute could be maintained for some honors. 

Other forms of black-body radiator all use the principle \of radia. 
tion from u^ithin a hollow space. The interior of refract<^iy tubes 
immersed m molten platinum, the inside of a V-shaped krip of 



Fig. 180. — Distribution of energy in 
blaok'body spectrum at different 
tcmperatufes. 


platinum foil heated electrically, 
and the inside of an electrically 
heated metal tube have all been 
employed as sources. 

Distribution of the energy in the 
spectrum of a black body. A very 
important series of experiments 
was performed by Lummer and 
Pringshehn to determine the way 
in which the energy emitted by a 
black body is distributed among 
the different wave-lengths of the 
spectrum. The source was an 
electrically heated chamber of the 
type described on p. 387, and its 
temp^ature was measured by a 
thermocouple. The radiation fell 
on a slit, and was dispersed into 
a spectrum by a fiuorite prism, 
being focused by a concave mirror. 
The wave-length at different 
portioiw of the spectrum was cal- 
culated using the known formula 
for the dispersion of fluprspai* 
A Lummer^Kurlbaum linear be 
ometer was moved along the speo*j 
tnim, and the intensity of 
radiation fiJHing no it measured*] 
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j bolometer must covar a fiaite strip of the spectrum, say between 
vTo-lengths A and A + dA, and the recorded intensity depends on the 
> of the interval dA as well as the emissive power of the body for 

-length A. The bolometer readings indicate the emissive power 
bhe source, and the results are shown on the curves of Fig. 180. 
re the emissive power, Ej,, for wave-length A (indicated by in the 
ire, which is taken from Preston’s “ Heat ”) is plotted up the 
axis and the wave-length A in microns along the X-axis. 

[Vo facts are at once apparent from these curves. The first is, 
tt as the temperature increases the emissive power for every 
ve-length increases. Secondly, each curve has a definite maxi- 
im for Ej^i and with increasing temperature the wave-length at 
[ich this maximum occurs shifts steadily towards shorter values 
A; that is, in the direction of the visible spectrum at these 
nperatures. These observations certainly agree with the well- 
own facts that as the temperature of an incandescent body is 
ised it becomes (a) brighter, and (6) whiter in appearance. 

In the following sections the theoretical equation for this family 
curves is discussed. 

Laws of black -body radiation. The total energy emitted per 
. cm. per sec., JP, from a perfectly black body depends only on the 
jsolute temperature T. The energy emitted per sq. cm. per sec, 
•tween w^ave-lengths A and A + dA by a perfectly black body, 
mbol Ej^dX, depends on the temperature T, the wave-length A, 
id the size of the interval dX ; the emissive power Ex depends on 
le temperature T and the wave-length A only. The use of the 
ipital E to denote two different quantities should be noted care- 
lUy ; the symbol E alone stands for the total energy of all wave- 
ngths, while E^ is the emissive power at wave-length A, 

The dependence of E on T, and of Ex on T and A, have been 
ivestigat^ theoretically as weU as experimentally. The theoretical 
^ork is largely well beyond the scope of this book, though it will be 
ssary to touch on the main ideas at times. But the most 
^portant aspect of the work at this stage is the experimental part, 
dependence ot B obl T* Stefan* s Law for the total radiation from a 
foci; body. The energy emitted per square centimetre per second is 
Qportional to the fourth power of the absolute temperature. In 
Bnnbols. 
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where a is a constant called Stefan’s constant, value 
5*735 X 10~® erg/cm.*/sec./deg.^ 

This equation refers specifically to cawiaaion, and not to the net lost, 
If the black body be surrounded by a perfectly black surface aj 
temperature Tq, the gain from the surroundings is gTq\ and the 
net loss of energy per sq. cm. per sec. is given by 

^7net-<T(r^-To"). 

The law is often referred to simply as the fourth power law, and ia 
also called the Stefan-Boltzmann Law, since while Stefan deduced it 
empirically from the results of Dulong and Petit, Boltzmalpn later 
gave a theoretical proof of it, on thermodynamical grounds. 

Dependence of on T and A. (a) Wien's Displacement Law, 
Experiments on the distribution of energy in the spectrum of a 
black body give results as shown in Fig. 180. 

The energy distribution curves for all temperatures are of the 
same general shape, each with a well-marked maximum. The 
w^ave-length Amax the absolute temperature T are connected 
by the relation 

constant. 

This is Wien’s Displacement Law. The value of the constant i 3 
0-293 cm. degree. 

• If £niax Is the value of corresponding to Anj&x> 

= a constant. 

By combining Stefan’s Law and the Displacement Law, the 
following equation connecting E^y A, and T was obtained by Wien: 

E,^x-^f(xn 

where / (AT) is some relation between A and T only. This equation is 
also referred to as the Displacement Law in some books. It is believed 
to be rigorously true, and rests on thermodynamical reasoning. 

(6) Distribution formtdae. The three most important attempt 
to obtain the exact form of the function f(XT) in the equation 

= A~y(AT) are those of Wien, of Rayleigh, and of Planck. 

Rayleigh’s formula is of theoretical importance on account of its 
striking failure. Assuming the Law of Equipartition of energy j 
(p. 271) to hold, its derivation is flawless, and it was dedut^ j 
independently by Jeans. Yet the formula, 

^;^«8iriT/A\ 
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vhere k is Boltzmann’s constant, not only fails to give curves 
^g^iYibling those found experimentally (though there is agreement 
or very large values of AT) but also predicts that the total radiation 
i-om body at any finite temperature shall be infinite. The theory 
in which it is based (that is, the initial assumption made) thus fails 
0 survive the test of experiment. 

Planck’s formula agrees closely with the observed curves. It was 

1 educed by considering the emission of radiation from individual 
toms, discarding the idea of radiation as a continuous stream of 
^erfTy, and the law of equipartition, and assuming that the 
ladiation of each frequency v was composed of quanta of magni- 
lude hv, where h is universal constant known as Planck’s 
Constant, its value being 6-55 x IQ-^? in c.g.s. units. These ideas 
(ere revolutionary at the time of their introduction. It is now 
ealised that in all investigations of the emission and absorption 
r energy by individual atoms, energy must also be regarded as 
,tomic. 

Planck's formula is ^ 

here c is the base of natural logarithms, and and Cg are constants 
illed the first and second radiation constants respectively. It is 
Dt proposed to attempt the theory underlying the equation, but 
is worth mentioning that the values of the constants Cj and Cg are 
iven by the theory in terms of other known constants. The value 
f c, is SttAc, and that of Cg is cJi/k, where h is Planck’s Constant 
the velocity of light in free space, and k is Boltzmaiin s Constant 
(p. 152). Taking the values 

c =3 X 10“ cm./sec. = 8-3 x 10’ erg/mole/deg. 

ft ^6-55x10-*’ C.O.S. units. iV=6 06xl0«> per mole, 

Cl =877 X e iii: X IO-” X 3 X 1C“ =4-94 X 10-“ C.G.S. units, and 

Cj=3 X 10“ X 6-55 X 10-« X 

W'ten’s/omuto is 

‘re all the symbols have exactly the same meaning as in Planck 
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formula. It can be seen that for small values of AT, is lar^ 
compared with unity, and the d^ominatc^ of Planck’s fbrmu] 

is approximately so that approximates to 

Wien’s formula is thus, as experiment has shown, a satisfactor 
approximation to the true formula of Planck if the product XT j 
sufficiently small. 

Fig. 181 compares the plotted curves for 1646® K. obtained usin 
Rayleigh’s formula, Wien’s formula, and Planck’s formijula. Th 
complete inadequacy of Rayleigh’s, and the close afi^eeme] 
between the other two, will be observed. 



Fio. 181. — Calculated energy distribution for black body at 1646® K., 
according to the difiorent radiation formul^. 

The formula of Wien is in very close agreement with experimeni 
for small values of XT ; it is so satisfactory for the visible portioi 
of the radiation from bodies at temperatures up to 2000® absolui 
or so that it is universally used in optical pyrometry. But it do 
not accord with experiment for valuer of XT greater than aboul 
0*3 cm. degree. 

It is worth while here to put in some numerical values to sho^ 
how closely the two formulae agree for the visible spectrum oi * 
body at 2000® absolute, and how considerably they disagree in i 
infra-red region. 
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let T be 2000 ” K. and A=6 x lO-® cm. (red light). Then 

AT = 0- 12 and ^ = 12 approximately. 

xniis ^ = 2-2 x 104 j and neglecting the 1 in the denomin- 

ol Planck s formula causes an error of about one part in 20 , 000 . 
J’or the same temperature, let A be 6 x 10“"^ cm. (near infra-red), 
hen 

XT =- 1 - 2 , ^ = 1-2 approx., and =ei'2 = approximately 2 - 7 . 

' riecting the 1 in the denominator causes an error of more than 
part in three. 

Vhcii Wien’s formula is used in pyrometry, the error caused in 
use at 2000^ K. is only 0*01°. 

SUMMARY OF THE LAWS OF BLACK-BODY 
RADIATION 

Total radiation. 

Man’s Fourth Power Law : E = 

ere E is the total energy emitted per sq. cm. per sec., and 
5*735 X 10 “® erg/sq. cm./deg.^ 

Distribution of energy in the spectrum. 

Wien's Displacement Law : = constant, 

lere the value of the constant is 0-293 cm. degrees. Leads to 

iiax?'~^=a constant, and also to the equation £';^ = A~y‘(AT). 

Planck’s formula : A~'’’ — j , 

curate for all values of XT. 

Wien 's formula : Ef, = Cj A"® 

liicli is usually used in practical problems. 
jThe constants Cj and of Planck’s and Wien’s formulae are called 
first and second radiation constants, and have the values 
^^10 e.G.s, and L 43 cm. degree respectively. 

^lo-nek’s formula agrees with both the Displacement Law and 
"an’s Law. For by diCFerentiating Planck’s formula and applying 
^«ual test for a maximum, the condition ^ 

N to hold ; and by integrating the expression over all values 

2 0 
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Fig. 182.— Graph summarising laws of black-body radiation. The 
same curve fits all tem|jeraturos if the ordinate scale for each is pro- 
portional to 2’~‘ and the abscissa scale to T. 

Reprodtuxi from The Mrtrorologitxil Oltmary by permittion of the 
Controller of 21. M. iitationery Office. 

of A from zero to infinity the value of the total radiation is obtain 
and this is shown to be proportional to the fourth power of T. 

Fig. 182 provides an instructive summary of the laws of blact 
body radiation. Wien’s Displacement Law, A„mx7^ ="Const., sbo^ 
that if we plot the distribution curves for black bodies at differf 
temperatures, the maxima will all be aF the same horizontal distanj 
from the origin if w^e choose for each temperature a scale for plow 
wave-lengths such that the horizontal distance representing ^ 
directly proportional to the absolute temperature. Now, Steiafll 
Law states that the total energy emitted per sq. cm. per sec. \ 
proportional to the fourth power of the absolute temperature ; 
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. total energy, (or since E ^ is plotted np the T-axis 

^nd A along the Z-axis) is represented by the area under the curve. 
The areas beneath the curves for the different temperatures are thus 
•oportional to the fourth power of the absolute temperature, if 
he scales are not adjusted. But if, after altering the waveJen^h 
- as above, the energy scale is altered so that the vertical distance 
representing one energy unit is inversely proportional to the fifth 
power of the absolute temperature, all the curves have the same 
area, and all coincide since constant. 

Four wave-length scales are shown, ranging fix)m 200® A., the 
.emperature of the stratosphere, to 6,000® A., an estimated value 
^or the temperature of the sun (which is not a perfect black body). 
[The actual absolute Ex scales are not given but would be proportional 
L T” " in each case. Comparing Scale A and Scale D, it can be seen 
lhat as the sun’s absolute temperature is thirty times as great as 
bat for the stratosphere, the distance representing SO/i on Scale A 
represents only Ift on Scale D, The area under the curve, which 
"^presents 9-13 milliwatts per sq. cm. (1 milliwatt = 10* ergs /sec.) 
1 Scale Ay represents 9*13 x (30)*, or 7,400,000 milliwatts per sq. 
Q. on Scale D, 

IMEASUREMENT OF HIGH TEMPERATURES 

There are two difficulties in applying the laws of radiation to the 
leasurement of high temperatures. 

(a) The laws hold only for perfectly black bodies, and no actual 
idiating surface is a perfectly black body, though many are 
pproximately black. 

(h) The laws have only been verified directly within the range of 
dinary thermometers, and though we have every reason to believe 
kat they hold at all temperatures there is no direct way of putting 
his belief to the test. The agreement betw^een the values of very 
dgh temperatures measured by completely different radiation 
Methods is satisfactory, which does suggest that this extrapolation 
^ justifuid. 

Three distinct methods seem to be available : 
h Thf. total radiation methody using Stefan’s Law E^et = cr(r* - 7®*). 

' <?nergy emitted per square centimetre per second is measured, 
^ the temperature T calculated if a and are known. This is 
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the basis of the Total Radiation Pyrometer, which is calibrated 
give direct readings of T* 

2. Disphicement law method. The radiation from the sour(.e is 
dispersed into a spectrum by means of a fluorite prism, and a linear 
bolometer moved along the spectrum to determine the wave-length 
Amax of maximum emission. As XmBxT =0-293, T can be evaluated. 
This method was tested by Lummer and Pringsheim, and appeared 
to give consistent results ; though if the surface is not a bl#tck body, 
the displacement law does not hold at all, and it is not just i question 
of applying a small correction to the figure 0-293. The mi^thod has 
not been applied in practice to the design of pyrometers^' but has 
been used to estimate the temperature of the sun (p. 407). 

3. The distribution law method^ using Wien’s equation 

= or the more accurate Planck’s equation if necessary. 

There are two ways of using this law. 

{a) Using the spectral distribution of Jie source itself. 

Two wave-lengths X and /, both knovn, are selected. 

The ratio E^jEi is determined experimentally. 

Then, using the Wien formula, 


Taking logarithms, 


SuMi^ting, 

Thus, if Cg, the second radiation constant, be known, T can bej 
calculated ; while, if for a standard source at a known temperature 
T the ratio E^fE^ be found for the same tioo wave-Ungths A and I, 


Olii 




This method has been used in particular cases. Dobson, 
and Harrison, in ‘‘ Photographic Photometry describe the 
determination of the temperature of the high-pressure arc by 
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They found EJEi by measuring the density at the 
Ipoints corresponding to A and I of the image of the spectrum on a 
Inhotographic plate. Planck’s formula was actually used, instead 
the simpler Wien’s formula, by these workers. 

(Ji) Comparing Ex fTom the unkrumn for om fixed vxive-length A 
rith Ex same wavelength for a comparison source at known 


lovpf'rature, 

A fixed wave-length A, usually red light of about 6500 A.U., 
Itransniitted through a red filter which allows a narrow band about 
rK) A.U. in width to pass through, is used. For this wave-length, at 
\\\ temperatures likely to be met with in practice, Wien’s formula 
lean safely be applied. 

The source whose temperature is to be found is viewed through 
the red glass, and a lamp whose filament is maintained at a known 
temperature is placed between the source and the glass. The 
simplest method of wwking, applicable when the temperature of 
the source is not above the highest temperature to which the lamp 
Blameut can be heated, is to adjust the temperature of the filament 
liatil this is invisible against the background of the source. Then, 
»s both are equally bright in light of w’ave-length A, is the same 
or both, and the temperature of the source is the same as that 
f th(‘ lamp. This is the principle of the disappearing filament 


pyrometer. 

If, however, the temperature T to be measured is greater than 
r;, tliat of the comparison lamp, for the source exceeds 
or the lamp. Using Wien’s formula, 

. gf,/A (1/r- i/r). 




A * 


ho rat io E,' IE, is either fixed at a knovm fraction by using a filter 
r rotating sector which transmits this fraction, when the tem^r^ 
‘'re of the lamp is adjusted to give a ’’ 

UK, is determined directly by ordinary optical photometr 

high tcmperatuies are caUed " radiation pyrometers as a rule. 
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while pyrometers using the distribution law are usually calle 
optical pyrometers 

Total radiation pyrometer. The F4ry total radiation pyromet 
is shown in Pig. 183. A concave mirror C focuses the beam ( 
radiation which enters through the aperture A A, on to the therin( 
couple receiver N, in front of which is a limiting diaphragm. Tl: 
cold junction of the couple is shielded from radiation, by a tongt 
and a box M surrounding the couple. The mirror may be a gol 
film deposited on glass, or a film of gold or nickel on copper. U 
E.H.F, of the thermocouple is recorded on a millivoltmeterWttaclie 

to the terminals shown. 

As the steady tempera 
ture excess of the hot juii( 
tion depends on the rate a 
which it receives radiatio 
from the source (if Newton' 
Law of Cooling can be a« 
Burned, it should be propoi 
tional to this excess), am 
if the E.M.F. of the coup 
is proportional to the ten 
perature difference betweei 
its hot and cold junctiom 
the millivoltmeter reading 
should be pro|X)rtional 
(T* ~ or to approa 
with To- The millivoltmetf 
can thus be graduated to read temperatures directly* 

It is important that the image of the source be focused accurat( 
on the diaphragm, and th..s is done by moving the mirror C. 
diaphragm is observed through a hole in C by the e 3 ^epiece 
Provided the image is large enough to cover the hole in the 
phragm, the distance from source to instrument h«u5 no effect on i 
readings, except that due to different absorption by different thick 
nesses of the intervening air. If the distance between pjTome 

and aouree is doubled, then, by the lav cf xsxmm equaTes, the totj 

radiation received by C is redu<^ to one fourth ; hot as the d/ame^ 
of the^ image is balvod. Its luea £s wducedl fo 00€ fourth; 
ivdiation falling on unit area of the imege per mooatd is anaitereaj 
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Tbo reading of tte instrument is not as a rule quite proportional 
tho fourth power of the absolute temperature of the source, for 
veral reasons. The of the thermocouple is not strictly 

oportional to the temperature difference between the junctions ; 
ray reflections from the walls of the box enclosing the thermocouple 
•oduce disturbances, the steady rate of loss of heat from the hot 
nction of the thermocouple is not strictly proportional to the 
mperB/ture excess, and conduction along the couple wires causes a 
ight temperature rise in the cold junction. IVhen the instrument 
calibrated, it is found that the reading is proportional to some 
wrr of T, but this varies between 3*8 and 4*2, instead of being 
actly 4. 

It has been stated that the reading is independent of the distance 
[ the source, provided the image covers the diaphragm. As 
?ometrioal optics, this is quite true. But the rise in temperature 
f the plate covering the diaphragm, and the consequent expansion 
f the hole, depends on the total energy falling on the plate ; the 
‘ading is a little higher if the source is close- becauwse this aperture 
a little larger. Atmospheric absorption, particularly due to water 
apour and carbon dioxide, convection currents from source to 
ifitniment, and the effects of stray reflections within the receiver, 
vary to some extent with the distance. 

The total radiation pyrometer is usually calibrated between 
f C, and 1400® C. by sighting it on the inside of an electrically 
eated muffle furnace, the radiation from which approximates to 
at from a black body. The temperature of the exact portion of 
le Ulterior on which the instrument is focused is measured by 
10 or more platinum -rhodium thermocouples. In actual use, the 
mnsivitif of the hot surface under examination must be 

lovvn, so that the readings can be corrected for the fact that this 
not a perfectly black body. 

Temperatures above 1400® C. can be measured by the aid of a 


sector between the source and the pyrometer. The 
nsmission ratio (that is, the fraction of the incident energy 
nsmitted) is readily found, for this is simplj angular ividih in 


of c(4>ar part 360 ^, since an opaque disc from which a dear 
-tor of, .Kuy, 60 ’ haa been out out will, if rotated 
front of the pyrometer, allow only 60/360 ™ 

h] any given time to reach the pyrometer. If M' 
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mission factor of the sector, T® K. the temperature of the soiirci 
and yobs® K., the indication of the pyrometer, the radiation froi 
a source at temperature ^obs (which is proportional to Tobs 
reproduced by a fraction fi of the radiation from a source a 
temperature T (which is proportional to T^), 

Thus yobs^ = /^y^ and T 

Disappearing filament pyrometer. This is essentially a telescop 
the objective of which focuses a real image of the source! upon th 
filament of a standard lamp. This is viewed by me^s of a 
ordinary eyepiece through a piece of red glass, shovm oiiside th 
eyepiece in Fig. 184, but usually mounted between the eyepiece am 
the filament. The temperature of the standard lamp is adjusts 
by means of a rheostat until the filament is indistinguishable froii 
the background. Then for red light is the same for both sourc 
and filament, which are thus both at the same temperature. Th 
lamp circuit contains an ammeter, which is calibrated to 
temperatures directly. 

Since, if absorption due to the air be neglected, the brightness i 
the image formed by the objective is independent of the distance i 
the object, the distance between pyrometer and source does no 
matter. 




Fia. 184. — Disappearing filament pyrometer. 


The disappearing filament pyrometeF can be used as it is up 
1400® C., the maximum temperature at which it is convenient to 
run a standard lamp. For higher temperatures, filters or rotating 
sectors must be us^ to reduce the radiation from the source in a 
known proportion, as described on p. 399. 

Let such a filter or sector transmit a fraction ft of the radiation 
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firo’n the source at temperature T, and let the filament disappear 

vbcn its temperature is T’. Then, if and Ejl are the emissive 

povers for source and filament at T and T' respectively, then as 

^ * E ' 

just matches E^, 


But 



whence the value of T is found. 

Wanner optical pyrometer. This is really a polarising photometeft 
and to understand it thoroughly reference should first be made to 
in account of plane polarised light. The chief feature of interest is 
,hat the comparison electric lamp is at a fixed but unknown 
emperature. Fig. 185 is a very simplified version of the apparatus, 
efficient detail only being given to explain the principle. 

Radiation from the source passes through a diaphragm and falls 
n a Rochon prism, a doubly refracting calcite prism which produces 
wo beams of plane polarised light, polarised in planes at right angles 


0 one another as represented by the arrows < — and | , and 

merging in slightly different directions. A biprism bends down 
ne of these, the < — > beam to pass through a diaphragm which 
bstructs the other. Radiation from the comparison source is 

milarly treated by the Rochon prism, but it is the | beam which 


bent up to pass through the diaphragm. 



Fra, J85.--Soheme of Wanner optical pyrometer. 
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Two beams of light, polarised at right angles to one another, fa]] 
on the Nicol prism, and then pass through a red filter as used on 
the disappearing filament pyrometer. A suitable lens system (not 
shown) enables an observer looking through the prism to see two 
semicircular patches of light side by side. 

Let Ex be the intensity (intensity in the photometric sense is He 
same as emissive power) of the radiation of the red light from the 
source at unknown temperature K., and the intensity of light 
of the same wave-length from the standard lamp. In one, position 
of the Nicol prism, the light from the lamp is completely extinguished 
and that of the source fully transmitted ; call this position 1,. When 
the Nicol prism has been rotated through an angle of 90® (into 
position 2), light from the lamp is fully transmitted, while that 
from the source is extinguished. Rotating the Nicol prism from 
position 1 to porition 2 thus causes the brightness of the patch of 
light due to the lamp to grow brighter, and that due to the source 
to grow dimmer, so there will be one position of the Nicol prism at 
which both patches are equally bright. If ^ be the angle turned 
through by the Nicol prism jfrom position 1 when this occurs, the 
optical theory leads to the equation 

~ == tan^ <f>, 

Ex 

But here we do not know the temperature of the lamp filament ; 
all that is known is that it is steady. Repeating the experiment 
with another source at a known absolute temperature 
Ex being the intensity, and 4 / the observed angle from position 1 : 

^-=tan2f, 

Ex tan®^ 

Ex ^ tan^ 

But * (f ■ i ) 



or 2(lntan^-lntan^')=*(^-^). 

tlie relation between In tan ^ and 1 jT being linear. 
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Comparison of total radiation and optical pyrometers. The tota 
radiation pyrometer is direct-reading and needs no setting b} 
the observer. It can be used with continuous-recording instru 
ments. Also, it can be used for lower temperatures than optica, 
pyrometers. 

Departure from black-body conditions of the surface under test 
and the absorbing effect of carbon dioxide and water vapour, affect 
the total radiation pyrometer much more than the optical pj^meters, 
with their restricted range of wave-lengths to which these ijgases are 
relatively transparent. When the total radiation pyr(mieter 
enclosed in a vacuum containing the furnace, its readings agree 
with those of an optical pjTOiheter to less than 0*5® at 1750® C., and 
to about 4® at 2800® C. 

The polarising p^Tometer is the better of the tw o optical pjTo. 
meters since (a) there is no need for neutral filters or rotating sectors 
to cut down the radiation from the source, even at the highest 
temperatures, and (b) the comparison electric lamp can be checked 
from time to time against a photometer standard. On the other 
hand, the disappearing filament pyrometer enables the telescope to 
be focused sharply on the exact point at which the temperature is 
required, and it is the simpler of the two optical pyrometers in use. 

The tables on p. 403, from the Cambridge Instrument Co.’s 
pamphlet “ The Accurate Measurement of Temperature ”, show 
the considerable difference between the observed (equivalent black- 
body^) temperature and the true temperature for surfaces of different 
emissivities. 

TEMPERATURES OBTAINED BY RADIATION METHODS 

Stefan’s Law and Wien’s Displacement Law are deduciblc using! 
thermodynamics, by considering a reversible engine in which the* 
working substance is radiation. As the behaviour of a reversible 
engine is independent of the nature of the w^orking substance, it 
follows that the temperature T appearing in the radiation formulae 
is the temperature measured on the absolute thermodymamic scale. 

Both total radiation and optical pyTometers thus indicate the 
absolute temperature on the thermodynamic scale of a black bo J 
to w hich they are exposed. But as few actual suriaces approxima^ 
to black bodies, the readings must either be corrected for departure 
of the surface from blackness, if this can be done, or accepted 
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te resenration that they do not represent absolnte temperatures 
the Kelvin scale. 

W ith the total radiation pyrometer which has been calibrated on 
, black body, the true temperature T on the absolute scale is obtained 
om the observed temperature Tobs if the emissivity (the ratio 
missive power of surface /emissive power of black body) is known, 
[he equation obtained from Stefan’s Law is Tobs* =eT«, where « is 
he emissivity. If the emissivity is not known, the reading Tobs 
3 still a valuable piece of information ; it is called the brightness 
emperatTire of the surface examined. 

With the optical pyrometer which has been calibrated on a black 
dy, the true absolute temperature T can be calculated by Wien’s 
[orniula from the reading T obs If the emissivity of the surface under 
examination for the range of wave-lengths used is known. If the 
Bmissivity is not known, the value of Tobs is still very useful ; it 
s called the brightness temperature of the surface /or this tmve-length 
mge. 

The emissivity can only be determined experimentally by examin- 
g the radiation from the surface when it is maintained at a known 
mperature which is measured by some independent method, so 
diation and optical p 3 Tometers can only really be relied on to give 
mperatures on the Kelvin scale within the range of other types 
F t Wmometer. 

The colour temperature of a non-black body X is the temperature 
t which a black body must be maintained in order that the distri- 
ution of energy in the spectrum of X may be matched as closely 
s possible. If X is radiating very nearly as a black body, the colour 
smperature will be fairly near the true temperature ; if not, the 
olour temperature can only be regarded as a concise way of 
escribing the spectrum of the fodiation, for it yields little other useful 
formation about the body itself. 

Temperature of the sun’s surface. Determination of the rate at 
i^hich the suxx’s radiation falls on unit area of the earth’s surface 
liables the total energy emitted per square centimetre per second 
“om the sun to be calculated, and thus by applying Stefan’s Law 
' sun’s temperature can be found. 

I The energy received per square centimetre of the earth’s surface 
^ ^uit time, the earth being at its mean distance from the sun and 
radiation falling normally upon the absorbing surface, when 
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corrected for the absorption of the atmosphere, is called the solai 
constant, The mean value of S is about 1*93 calories per sq. cm. 
per minute, or about 1*34 x 10® ergs per sq. cm. per second. Ihe 
value of S at any time is obtained by allowing the sun’s radiation to 
enter a hollow chamber through an aperture of known area ; the 
inside of the chamber is blackened to absorb the radiation, and the 
rate of reception of energy is found by surrounding the chamber 
with a continuous flow calorimeter. The rate of supply of jl^eat by 
radiation is measured by reproducing the same temperature rise by 
supplying heat electrically at a known rate when the appa^^tus is 
screened from radiation. Such an instrument is called a i^helio. 
meter (Pig. 186). Elaborate corrections for the absorption of the 
atmosphere must be made. 

Another type of pyrheliometer, due to Angstrom, comprises t^vo 
exactly similar metal strips, blackened on one side, one strip being 
exposed to the source of radiation, while the other is protected from 
the radiation by a double- walled screen. Two thermo- junctions 
of constantan-copper, arranged differentially, are attached, one to 
the back of each strip. An electric current is passed through the 
screened strip, and is adjusted until no current flows between the 
two thermo-junctions, showing that the temperatures of the two 
strips are equal. The electrical energy expended is then equal to 
the radiated energy absorbed by the exposed strip, and the absolute 
value of the radiation in c.g.s. units can be readily calculated. The 
strips can be exposed alternately to the radiations to be measured, 

mianganfn coil to 

iuppty heat at known 



Fig. 186. — Pyrheliometer. 



BRIGHTNESS TEMPERATURE OP THE SUN 407 

enabling any slight errors due to mechanical inequality in the strips 
to be eliminated. 

The radius of the sun is 4*33 x 10^ miles, and the mean distance of 
the earth from the sun is 9*28 x 10’ miles. Thus, if be the energy 
emitted per square centimetre per second at the sun’s surface, by 
the time it has reached the earth’s distance it has spread out to cover 

an area ( ^ 3 ^ times as large, whence 


V9-2: 


4-33 X 10^s 


28 X lOV 


or E=^Ss 


-28 X 10’\2 


-46,000>Sf. 


The value of S is 1*34 x 10® ergs per sq. cm. per second, so 

=46,000 X 1*34 X 10® =6*16 x 10^^ ergs per sq. cm. per second. 
Using Stefan’s Law, and taking the value of a as 5*75 x 10”^ units, 




6*16 X 10^0 « 5*75 X 10-® x 


^ 5 * / 5 


. = 5720® absolute. 


This is the temperature of the black body which would have the 
same value of E as that computed for the sun ; that is, the brightness 
^,mpeTcUtLre of the sun s surface. 

The surface temperature of the sun has also been estimated by 
ppU-ing Wien’s Displacement Law ; that is, finding the wave-length 
cm. at which i?A is greatest, and using the equation Amax?' 
=0-293, obtaining the colour temperature. 

The sun’s temperature increases fiwm the surface towards the 
■entre and the radiation actually emitted originates at many 
liffcrcnt depths and temperatures, the outer layers absorbmg more 
less selectively a great deal of the radiation from withm. Thus 
-he radiation finally emitted certainly cannot correspond to that of 
1 black body at a definite temperature. Further, the absorption of 
te radiation from within is least at the cento ^ 
because the rays pass perpendicularly through the outer 
greatest at theiges, where the path through the outer ^ 

oblique. The value of for the radiation from t^ „ 

fee is 4580 A.U., and for the radiation from the ed^ 

Thus T 18 0-293/4580 x 10 ^ =6400o absolute for the 

tbe centre and T ^0^29315050 x 10-«=5800“ absolute for the radia- 
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tion from the edge. This calculation is of doubtful value, sinco it 
is not legitimate to apply the displacement law at all to a non-black 
body ; but the temperatures obtained are of the same order as tiiat 
given by the total radiation methods. Recent results for the colour 
temperature based on visible spectrum measurements have given 
values as high as 7100° K., while for the ultra-violet spectrum the 
figure is as low as 4800° K. It will be seen that the colour temj)era. 
ture is more a means of describing an observed spectral disj^ribution 
than a temperature reading in the ordinary sense. 

It should be emphasised again that these figures are “ the 
temperature of the sun ’’ ; they are the surface temperature of a 
black body which would have the same total radiation or ctral 
distribution as is measured. Different methods of approach have 
suggested very much higher local temperatures, even at the surface. 
The ionising properties of the radiation from bright eruptions on, 
the sun, as evidenced by the effect on the upper atmosphere, are 
those of ultra-violet radiation from a body at 10,000° to 20,000° K, 
The spectrum of the solar corona contains lines at one time ascribed 
to an as yet unknovm element ‘‘ coronium ; efforts are now being 
made to reconcile them with the lines which would be emitted by 
atoms of iron, nickel, or calcium in a very highly ionised staU? such 
as would require a very high temperature indeed. This, and ihe 
breadth of the lines themselves, suggest temperatures of the order 
0(X),000° K. to 2,300,000° K. in the corona, according to the] 
Swedish physicist Edlen (see “ Nature December 26, 1942). Th 
physical meaning of such a temjierature ’’ is as yet unknown. 
Pro.. LI. N. Saha has recently suggested that nuclear fission, rather 
than any such exceedingly high coronal temperature, may b;! 
responsible for these highly ionised atoms. 

It is accepted nowadays that the internal temperature of the sui| 
must be about 20,000,000° K. The argument leading to thij 
conclusion is as follow^s. Radiation has ipass associated with it ail 
the fixed rate of 1 gm. for every 9 x 10**^ ergs of radiant energyj 
The sun radiates 3*8 x 10®® eigs per second, and thus loses 4-2 x 10^ 
gm. per second, or 250 million tons a minute. This is accountr 
for by nuclear reactions in which four hydrogen nuclei, or protons 
of mass totalling 4030 units on the usual atomic weight 
combine to form a helium nucleus of mass 4-003 units, yielding 
0*027 units of mass in the form of radiation which, originating ^ 
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ays or X-rays, is absorbed in the outer layers of the sun and 
emitted as temperature radiation. The chain of nuclear reactions, 
Giving carbon nuclei which play the part of nuclear catalysts! 

1 been worked out ; and the important point is that this chain 
reactions is one which can only take place at a temperature of at 
st 20,000,000® K. The supply of protons in the sun is gradually 
indling by this process ; but at the lowest estimate the supply 
)ulcl allow the sun’s present rate of emission for another two 
lusand million years. These figures have been taken from an 
jcle by Sir James Jeans in Nature ” of January 2, 1943. 
Residual rays. The selective reflection of quartz, fluorite, and 
jer materials for certain wave-lengths in the infra-red has been 
3 subject of several investigations (see Preston’s “ Theory of 
39-1' PP* S77, 578). For these wave-lengths the substances act 
:e perfect mirrors, while absorbing radiations of shorter and longer 
ive-lengths, so that after several reflections from surfaces of a given 
aterial the resulting rays (residual rays) are a beam of practically 
onochromatic radiation. The wave-length of the residual rays of 
lartz is about 8*8/x ; this happens to be in the region of the 
lectrum where the atmosphere is exceedingly transparent, several 
indred yards of air at ordinary pressure causing little diminution 
the intensity. 

This is the basis of a new form of radiation pyrometer devised 
America by J, Strong, and described briefly in the “Journal 
Scientific Instruments ” of January 1942. Radiation from the 
►urce, which may be at some great distance, is reflected from five 
)Lshed quartz surfaces to isolate the 8-8/z band, and finally falls 
n a compensated vacuum thermocouple* This is calibrated using 
ck bodies at the ice point and the steam point, and has been 
between ~ 100® C. and -f 100® C., giving an accuracy of 0-1® C. 
t has also been used to estimate the “ infra-red ” surface tern- 
'ature of the sun, the result indicated being 7080® K. 


QUESTIONS ON CHAPTER IX 

1; distinguish between conduction, convection, and radiation of heat, 
\ our conception of the way in which each takes place. 

The \m\h of a thermometer is coated with a very thin layer ol lamp- 
^lack. jfow will its readings compare with those of an uncoated 
'nu(UGeter placed near it in the open (o) in bright sunshine, (6/ on a 
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clear and dry night, (c) on a damp and cloudy night? In each cast^ g, 
reasons for your answer. (J.M.J 

2. Describe one experiment to show that a polished metal surface 
a poor absorber of heat, and one experiment to show that such a surfa 
reflects a high proportion of a beam of light falling upon it. 

Briefly compare heat and light radiations from the standpoint 
(a) velocity, (b) effect at a distance, (c) simple refraction, (d) transmissi 
through material substances. (J.M.] 

3. A block of metal is heated and (a) exposed to ordinary atoosphe] 

conditions, or (6) placed in a high vfiw^uum. State concisely :the facte 
that govern the rate at which its temperature Tails imder conditions ( 
and (6). \\ 

Energy is supplied at the rate of 165 watts to a closed bylindric 
canister 6 cm. in radius and 15 cm. high, filled with water and exposi 
to the air of the room, which is at 15® C. It is foimd that the temper 
ture of the water remains steady at 80® C. Find the rate of heat lo 
per unit area of the vessel per degree C. excess temperature. Estima 
also the fall of temperature in a minute when the energy supply 
shut off. Neglect the weight of the canister itself. (1 

4. Describe and explain the steps to be followed in order (i) 
insulate thermally a quantity of liquid, and (ii) to keep the temperafcu 
of a liquid constant at about 50® C. 

•/b, A hot and a cold body are placed a few centimetres apart in 
room. In what ways is the cold body heated by the hot one ? Ho 
would you demonstrate the effect of each way ? How would you i 
the loss of heat from a hot body to the surroundings very small ? (C.S 

6. Give an account of the different ways in which a body may 1 
heat. 

Expleun how the losses of heat from a vacuum fiask are reduced. 

(O.&C 

7. Define “ coefficient of thermal conductivity **. A rod of copp 
of which the coefficient of thermal conductivity is 0-92 e.G.s. units 
maintained at 500® C. at one end while the other end .s in contact wit 
a blocjtf oi ice. If the rod is well lagged and is 100 cm. long and 2 sq. ( 
in cross-section, find the mass of ice melted per minute. 

yfLatent heat of fusion = 80 cal./gm.) (0. & C 

^ 8. Describe the various ways in which heat can be transmitted fre 
one body to another. 

A copper block, of mass 200 grams, is suspended in a vacuum by 
copper wire 10 cm. long and 1 mm. m diameter. If the copper 
initially at 100® C. above its surroundings, find the rate at whicn^ 
begins to cool, assuming that radiation can be neglected. 
heat of copper = 0*093 ; thermal conductivity of copper = 0*90.) <0. & b 

9. Define the coefficient of thermal conductivity of a substance 
the numerical value of the coefficient for a substmee is 0*003 when ^ 
TOits of mass, length, time, and temperature are ona^gram, on^‘ cen 
metre, one second^ and one degree centigrade xei^)dctiv6ly* what 



QUESTIONS 


411 


one 


s ntimericaJ value wh^ these units are changed to one pound. . 

. one second, and one degree Fahrenheit respectively? 

„o OTd of a untfonn hax is kept in steam and the other in meltinat 
bhow tlmt wh^ a s^y state is reached, the distribution 
pcrati^ ^ong toe bar is linear if the bar is lagged so that there is 
3 .^ ofheat by radiation. (1 lb. = 450gm. ; 1 ft. = 30-5 cm.) (O.&C.) 

). Descrite a method of determining the thermal oonductivitv of 
lid of high conductivity. ^ 

he metal of a boiler is 1-5 cm. thick. Find the difference of tempera- 
) between its faces if 32 kg. of water is evaporated from the boiler 
sq. metre per hour. Why is this difference so much less than that 
,voen the flue gases and the water in the boiler? (Latent heat of 
m=540 calories per gm. ; thermal conductivity of metal of 
.er=: 0-15 C.G.S. units.) j 

1. Describe one way of measuring the heat conductivity of copper. 
L metal object is embedded in a block of ice at 0® C. Show that it 
y gradually travel through the block under gravity, and the 

bore which determine the rate of travel. 

f the piece of metal is a vertical lead cylinder (density 11 gm. per 
, heat conductivity 0*08 cal. per sq. cm. per sec. per unit tempera- 
-) gradient), calculate the maximum rate at which it would descend, 
dng the aimplif 3 ^g assumptions that the heat-flow is vertical and 
> there are no frictional forces. 

Pressure coefficient of melting-point of ice = 8 x lO"** ® C. per d 5 me.) 

(O.S.) 


12. What is meant by the coefficient of thermal conductivity of a 
bstance ? 

Calculate approximately the heat passing out per minute through 
3 walls and windows of a room 7 by 5 by 3 metres if the walls are of 
ick 20 cm. thick and have windows of glass 0*5 cm. thick and of total 
3a 5 square metres. The temperature of the room is 20° C. above 
at outside. The thermal conductivity of brick and of glass may be 
ken as 12 X 10“* and 17 x 10“* e.G.s. units respectively. (O.) 

13. A bar of metal whose length is I and whose thermal conductivity 

h has a heating coil of resistance It wound round one end, and is 
eketed so as to prevent loss of heat from the sides or from the heated 
id. The far end is open to the air and is found to acquire a tempera- 
irc T when a current i passes through the heating coil. Deduce the 
'nperature of the heated end after equilibrium is attained and indicate 
‘ nature of the temperature distribution along the bar. (C.S.) 

14. Describe a method of measuring the thermal conductivity of a 
oor conductor, such as glass or indiarubber. 

-4 is a compound slab made up of two layers, one of thickness di 
^ thermal conductivity the other of thickness d* and thermal 
ductivity jB is a slab of thickness di + d 2 and thermal con* 
[ctivity k\ One face of each slab is maint€uned at $i° C., and me 
y at 0 ,^ c. until a steady state is reached. If the rate of conduction 
'^eat per unit area through the two slabs is the same, find the 
-tween /cj and ifcg. (O.&C.) 
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15. Denne the coefficient of heat conductivity of a materia!. 

A bungalow is rectangular in cross-section, with sides 10 metres by g 
and has a fiat roof 3 metres above the ground. The average thickiiesi 
of its sides and roof is 16 cm., and they are constructed of a cenieiii 
whose conductivity is 6 x 10""* calories per sq. cm. per tmit temperature 
gradient. The windows have a total area of 10 square metres, anci are 
of glass 3 mm. thick, whose conductivity is 2*5 x 10~®. The bungalov 
is maintained at a temperature above that of its surroimdings. M'liai 
fiction of the total loss of heat by conduction is lost through the 
windows? jP. & C. 

16. Define thermal conductivity and explain how you would 'measure 
the thermal conductivity of a good conductor. 

A composite metal bar of uniform section is made up of leipigths oi 
25 cm. of copper, 10 cm. of nickel and 15 cm. of aluminium, each part 
being in perfect thermal contact with the adjoining part. The coppei 
end of the composite rod is maintained at 100° C. and the altiminiun] 
end at 0° C. The whole rod is lagged so that it may be assumed that 
no heat losses occur at the sides. When the conditions have become 
constcuit the jimctions of copper-nickel and nickel -aluminium are at 

C. and ^ 2 ° C. respectively. Calculate the values of ti and assuming 
the values : thermal conductivity of 

copper - 0*92 cal. per sec. per sq. cm. per unit temperature slope. 

nickel - 0*14 „ „ „ 

aluminium 0*50 „ „ „ (L.j 

17. Define thermal conductivity and explain how it can be measured 
in a particular case. 

In estimating the rate of cooling of the earth Kelvin used the 
following data. Conductivity of earth’s crust = 0*005 calories per 
sq. cm. per unit centigrade temperature gradient per second. Ther 
capacity of surface rock per c.c. = 0*5 calories per degree centigrade, 
Temperature gradient at surface 1° C. per 30 metres. Radius of 
earth = 6 x 10* cm. Assuming the earth to be homogeneous, find tht' 
annual cooling. ) 

18. State the laws of heat conduction, and describe a method for the 
measurement of the specific conductivity of a good conductor. 

A boiler supplies steam to a 100 h.p. turbine, whose efficiency is 
15 per cent. The temperature of the water is 150® C. and that of the 
outer boiler-wall 300° C. What is the minimum surface of the boiler 
exposed to the furnace if the thickness of the wall is 4 mm* ? 

(Conductivity of the material of the boiler = 0*9 calories per sec. 
square cm. i^er unit temperature gradient ; IjH.P. = 746 watts ; mechann 
cal equivalent of heat 4*2 x 10’ ergs per calorie.) (0. & 

19. A thin walled copper pipe 6 cm. in diameter passes through - 
water bath at 0® C. Brine at - 10® C. is circulated through the 
and a layer of ice 5 cm. thick has formed round it. How long 'viH 
take for the next half millimetre to form? (Thermal conductivity ( 
ice -0*005 O.O.8. unite, latent heat of fusion of ices SO 

gmm.) 
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20. Describe an accurate form of ice calorimeter. 

A pond is covered with ice 4 centimetres thick ; the temperature 
the air above the ice is — 12® C. At what rate, expressed in centi- 
metres per hour, will the ice thicken? 

(The thermal conductivity of ice is 0 0052 in c.g.s. units. The 

.nsity of ice is 0-92 grams per c.c. The latent heat of fusion of ice 

80 calories per gram.) (O.S.) 

21. Give an account of a method of comparing the thermal con- 
activities of two metals in the form of rods. 

The thickness of ice on a lake is 6 cm. and the temperature of the air 
; - 10° C. At what rate is the thickness of the ice increasing, and 
pproximately how long will it take for the thickness of the ice to be 

oublod ? 

(Data as for question 20.) (O. & C.) 

22. Define thermal conductivity, and give an account of some way of 
indiiig its value experimentally for either a metal or cork. 

If a uniform layer of ice, 10 cm. thick, has formed on a pond, find 
Lpproximately how long it will take to increase in thickness by 1 mm. 
f tiie temperature of the surface is - 5° C., the thermal conductivity 
)f ice 0 005 C.G.S. centigrade units, the latent heat of fusion of ice 
50 cal. per gm., and 1 c.c. of water forms 1*09 c.c. of ice. (J.M.B.) 

23. What is meant by the statement that the thermal conductivity 
)f brickwork is 0 001 2 c.g.s. centigrade units? 

Calculate the heat passing per hour through the brick walls, 25 cm. 
thick, of a room 5 metres square and 3 metres high, if the inside and 
3utside surfaces have temperatures of 15° C. and 0° C. respectively. 
[Incliule doors and windows in the area of the walls.) (J.M.B.) 

24. Define thermal conductivity and describe critically a method of 
meaMiring it for a bad conductor. 

A wire of resistivity 2 x 10^* ohms per cm.® and 1 mm. in diameter 
carriLs a current of 10 amps. If it is covered imiformly wiuh a cylin- 
driccil layer of insulating material having a coefficient of thermal 
Conductivity of 0 x lO'”* calories cm.~^ degree""^ sec.“^ and a diameter 
of 1 ciiK, what is the temperature difference between the inner and outer 
iuifaccs of the insulator ? (1 cal. = 4*2 watt-secs.) (C.S.) 

2o. (Jive an account of the properties of infra-red radiations and 
describe how these properties may be investigated. (C.S.) 

A platinum wire is raised gradually in temperature. Give the 
■haracttT of the radiation from the wire as the temperature increas^ 
how you would study the character of the radiation experi- 
lenuilly. (C.S.) 

fho filament of an electric lamp A is of diameter d, and carries a 
f wlule that of a similar lamp B has diameter nd and c^es 
i current c,. Find the ratio of to c, if the temperatures of the 
ttlarnonus are the same. You may neglect end losses and assume that 
filament is in vacuo. (C.S., part queatum.) 
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28. Discuss the relation between absorption and radiation. Do 

a.gree with the statement “ bodies absorb when cold the radiation t hey 
give out when hot ” ? (C.S j 

29. Discuss Prevost’s theory of exchanges, and explain how it may 

be used to find the relation between the radiating and absorbing pow ers 
of a surface. (C.s.) 

30. What is meant by the emissive power and the absorptive power 

of a body for radiation? f 

What is meant by a black body? [' 

Discuss the observation that objects are invisible when they are 
viewed through a small hole in a constant temperature onclosi:^ raised 
to incandescence. , (C.js.) 

31. Give definitions of conduction, convection and radiation. ! 

A certain piece of glass is said to be nearly transparent to visible light j 

but to absorb a large percentage of heat radiati n. Describe experi-j 
mental arrangements you would use to investigate the accuracy of thL 
statement, explaining how you would use your apparatus. (0.)j 


32. Explain what is meant by the emissivity of a surface. Describ 
experiments to show the following : 

(a) Good reflectors are poor emitters. 

(b) Kadiant heat is long wavelength light. 

(c) Silica is much more transparent to heat rays than glass. 

(d) The radiation in a cavitv depends only on the temperature of 

th^ walls (supposed uniform) and not on the material of which thiy 
are made. (O.S.) 

33. Describe what you understand by a train of waves, and sliow 

that it can transmit energy. The energy reaching the earth’s siirfac 
from the sun is 2 cals, per min. per cm.* "WTiat is the energy densitd 
of sunlight at the earth’s surface in ergs per c.c. ? (O.fc^.) 


34. How can the existence of radiation from a hot but not luminoud 
body be demonstrated, and the laws of transmission, reflection, and 
refraction of such radiation investigated ? Compare its behaviour id 
these respects with that of light. What reasons are there to concludd 
that the radiation is of the same tyro as light but of longer wavelength?^ 

(O.&C.) 

35. Describe and compare any two accurate methods of measuring 
high temperatures. 


36. How can the temperature of a furnace be determined fro^^ 
observations on the radiation emitted ? 

Calculate the apparent temperature of the sun from the following 
information : 


Sun’s radius : 4*4 x 10* miles. 

Distance from earth : 9*2 x 10’ miles. 

Solar constant ; 0*14 watt per sq* cm. ^ ^ 

Stefan’s constant ; 6*7 x 1(^» ergs cm."** 8ec.*“' deg.~* 
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3 ;. Describe a method of measuring the heat received from the sun 
jt tae earth’s surface. 

A ;suming this to be 1*6 cal. per sq. cm. per min. and the conductivity 
5f the earth’s crust to be 0*0027, what must the temperature gradient 
tiie groimd be in order that the heat escaping may just be balanced 
5y the heat received? (C.S.) 

38. Trace the transformation of electrical energy in (a) a vacuum 
^np^sten lamp, (b) a gas-filled tungsten lamp. To what do you ascribe 
jie higher efficiency of the latter as a source of light? 

(0. & C., part question,) 

39. Two long tungsten wires A and B, of the same length and of 

jjdii fx and rj respectively, are maintained at the same temperature, 
indor the same conditions, by steady currents ii and respectively, 
ftlic difference of potential between the ends of d. is F,, find that 
jetwcon the ends of B, (C.S., part question,) 

40. State the factors which control the rate of cooling of a body, 
nd describe experiments in illustration of your answer. 

(C.W.B., part question,) 



CHAPTER X 

HEAT PHENOMENA IN THE ATMOSPHERE 


Itatroduction. The atmosphere is a mixture of gases extendin 
to a great height above the surface of the earth. Goin^l upward 
the density falls off nearly exponentially (or by “cihmpounc 
interest ”), and there is no sharp edge. The highest of the con 
ducting layers of the ionosphere (the region from which radio wavef 
are reflected) is at a height of about .300 km., and auroras are some 
times observed at even greater heights, so the atmosphere can bf 
considered as extending at least for several hundred kilometres up 
although extremely tenuous at great heights. 

Dry air at sea level has the following percentage competition : 


By volume By weight 

Nitrogen 78-03 75-48 

Oxygen 20-99 23-18 

Argon 0-94 1-29 

Carbon dioxide 0-03 0-045 


There are also traces of the inert gases neon, helium, krypton, xenon 
Below about 15 km., the air is uniformly mixed ; above this level, 
the heavier molecules dwindle most rapidly, so the composition varie 
at different heights. But for most purposes dry air is best regarda 
as a single uniform gas of “ molecular weight ” about 20, 
atmospheric air as a mixture of this gas with varying proportion 
ol water vapour. The atmosphere is the working substance of t 
vast heat engine ; the prime source of the energy liberated in th 
gigantic operations of the weather is the sun, but the air is almo^ 
entirely heated and cooled from behw — sources and sinks are the wa 
and cold parts of the earth’s surface. 

Supposing that the sun’s radiation corresponds closely to that ^ 
a black body at about 6000'* K., about one half of the energy is >“ 
the visible part of the spectrum and most the rest in the short- wr’’ 
infra-red region below 35,000 A.U. (3*5fi). The extreme ultra- vioic 
part of the spectrum is absorbed by atomic oxygen and ozone at verj 
high altitudes, and the extreme infra-red part by water vai^ur ^ 

416 
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the lowest layers, but there represent only a very small fraction of 
the total energy, and the air is transparent to a very high proportion 
of the sun’s radiation. Much of the radiation is reflected back to 
gpaee from the earth’s surface and from clouds, and some is similarly 
lost by diffuse scattering ; but something like half the energy is 
absorbed by the earth’s surface. 

The temperature attained by different parts of the earth’s surface 
under given radiation intensity depends on three factors : 

1. The proportion of the radiation that is absorbed, 

2. The volume of substance affected. In the case of the ground, 
this depends on the conductivity of the surface, and generally the 
effect is confined to within a few inches of the surface. With water, 
the radiation penetrates to a depth of several feet before being 
'Comi)letely absorbed, and turbulence and mixing may spread the 
effect to even greatei depths. 

3. The heat capacity per unit volume. The temperature change of 
the sea is always very much less than that of the land under similar 
conditions, because more of the radiation is reflected, a greater 
volume of material receives heat, and the heat capacity per unit 
volume is very much greater. A rise in temperature of 30® F. on 
the ground may be accompanied by a change of less than 1® F. at 
the surface of the sea. 

The heating effect of the sun is greatest when the sun is highest 
m the heavens. This is because less radiation is reflected at small 
angles of incidence, the path through the atmosphere is shorter and 
there is less loss by scattering, and the area to be covered by a given 
)eain of radiation is less, so that the radiation received per unit area 
IS greater. Fig. 187 illustrates this point. 

Heat is conducted from the warmed surface of the earth to the 
ayer of air close to it, and then spreads through the lower layers 
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of the atmosphere by convection and mixing, ^e earth’s suri ice 
also loses heat to space by radiation, behaving as a black bod\ at 
about 300® K., the whole of the radiation being in the form of long, 
wave infra-red rays, of wave-lengths between 5fi and 50ft, with a 
maximum at 10ft. Dry air is transparent to the whole of this 
radiation, but water vapour absorbs very strongly the regions 
5-8ft, and 15-50ft having many sharp characteristic absorption linos 
in these regions ; the effect of water vapour is thus to aid the 
atmospheric absorption of heat, and also to retard the ra^^e of loss 
from the ground, as the energy absorbed by a layer of wat^ vapour 
is re-radiated again in all directions, much of it back again towards 
the earth. The region 8-15ft is not absorbed by water vapour, 
and this radiation escapes unhindered if the atmosphere is clear; 
cooling of the earth’s surface by radiation on a still cloudless night 
takes place by radiation betw^een these limits. 

Clouds obstruct the passage of radiation of all wave-lengths, both 
to and from the earth. The sun’s radiation is almost entirely 
reflected back to space from the top of the cloud, while the whole 
spectrum of the earth’s long- wave radiation is absorbed and re- 
radiated, much of it downwards tow'ards the earth again. The 
cloud layer acts as a thermostat ; for if the temperature of the 
earth’s surface rises, increased evaporation gives increased cloua, 
wfrich cuts off more of the sun’s radiation ; and similarly if the 
temperature falls, less of the sun’s radiation is reflected owing to 
diminished cloud. 

Pressure. The mercury barometer is the standard instrument for| 
the observation of pressure at ground level, and aneroid barometers | 
calibrated against mercury barometers are used in other circum- 
stances. The unit of pressure in which the readings are commonly 
expressed nowadays is the millibar (mb.). One millibar equals one 
thousand dynes per square centimetre. The pressure of a column 
of mercury 76 cm. long, taking the density as 13-6 gm./c.c., and 
^«981 cm,/8ec.^is76 x 13-6 x981 = 1,013,600 dynes/sq. cm. = 10130 

mb. The standard atmosphere, that of 76 cm. of mercury at 0° C. 
with the standard value of w'orks out to 1013*2 mb. One or 
one thousand millibars, is very nearly equal to the pressure of 
76*1 cm. of mercury. 

Assuming for the moment that the atmosphere is composed of » 
perfect gas of molecular weight maintained throughout at 
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Fio. 188. — Variation of pressure with height. 

niform temperature T, the variation of pressure with altitude can 
e calculated. 

Let the pressure at the ground be Pq dynes/sq. cm., and that at 
eight h cm, be p dynes/sq. cm. Let p gm./c.c. be the density , at 
iressure p. 

Then dp = -gp dh gives the change in pressure dp for a rise dh. 
Now, considering (me, mole, 'pV -RT and p^MjV, so p =pif/i2T, 


dp = 




• 

" p 


Mg 

BT 


dh. 


\np= -^h + const. 


s p =Pq when A =0, the constant is In Po 5 


lnp/Po=- 


Mgh 

~bt' 


Substituting the values Jlf= 29, 8^=981 cm./sec.®, 

3’-288“ K., /?=8-3 X 10’ erg8./moIe/®C., 

'be dotted curve of Fig. 188 is obtained. 

I temperature is not, of course, constant at the ground level 
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value. If it is assumed to fall off regularly according to the fom uia 
T = Tf)-aJi, where a is a constant, then 


dij/p = 


Mg dh 
^ {To-ahY 


giving ; 


which can usefully be written as a jp ~ T relation in the form 


In pIpq ^MgjRa In TjT^. 


But for most purposes the original formula, in which if is taken 
as the average temperature between ground level and is close 
enough. r 

The full line of Fig. 184 shows the pressure at different hiMghts in| 
the International Standard Atmosphere, for vhich the pressure at 
ground level is 1013-2 mb., and the ground level temperature of 
15° C. falls off by 6° C. for each 1 km. rise up to 11 km., after which 
it remains constant at - 55° C. This, of course, is an ideal state of 
affairs not representing conditions at any one time and place, but 
can be taken as representing average conditions for many purposes. 

The same calculation can be applied to any one individual ga 
in the air, if M now means the molecular weight of that gas, auc 
Pq and p its partial pressures at ground level and height A. It ca 
be seen that, for a given value of pjp^ the product Mh must hav 
the same value for each constituent ; that is, the heavier the gas, 
the lower is the level at which its partial pressure is reduced to any 
given fraction, say 1 /lOOO, of the surface value, so the heavier gases 
dwindle most rapidly. This result, applicable only to a column oi 
gas at rest, does not hold at all in the lowest 15 km. of the atm 
sphere, where there is thorough mixing ; at greater heights it mayj 
very well represent the facts approximately. 

Temperature. Temperature readings in the upper air are usiiall\j 
made nowada^’^s by aircraft equipped with apparatus to recor( 
simultaneously the temperature, pressure, and relative humidityj 
or by free balloons carrying radio- meteorographs, which give outf 
continuous radio signals indicating the values of the readingi 
required. The pioneer work in investigating the upper air v as donj 
using free sounding balloons (6aBorw-wwde), which carri^l ver| 
light self-recording bimetallic thermographs and a small j 
barograph. Conditions and results of course vary widely, hut f 
following represents the general features common to all ascents. 

(1) Once above the first few hundred feet and in the free 
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Fio. 189. — ^Variation of temporature with altitude. 


here the effect of surface features can be neglected, there is a 
irogressive fall in temperature as the height increases. The rate 
)f fall of temperature with respect to altitude, is called the lapse 
■jte. The lapse rate in an individual ascent may vary from 
vel to level, the value always being less than 10° C./km., and may 
jven be negative over some part of the ascent (inversion of tempera- 
lure). Inversions occur either when a layer of warm air from 
wthcr place arrives in the upper atmosphere, or when the layera 
iarest to the ground are for some reason very considerably cwled. 
uniform lapse rate of 6° C. per km. is considered to obtam m the 
leal standard atmosphere. It is found that, for any one station 
le average value of the lapse rate at heights we c ^r o o^ 
^und disturbances is always very close to this value, whatever the 

ititude or average ground temperature of the station. 

Fig. 189 mustrates the temperature distribution m the inter- 
itional standard atmosphere, and also a typica , 

mperature at different heights, showing vanations m the lapse 

ite ; and an inversion appears at A. At a 

(2) The lapse rate does not persist to the grea s ® « . 

ttain level in the atmosphere, caffed 
>perature ceases, and above this levd the mpe 
>t. 'The whole of the atmosphere below this level “ ^ 
•osph^re. and the region above it is called the stratosphere. The 
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height of the tropopause over southern England is about 11 ] ^ 
and the temperature - 65® C. ; above the poles, the tropop; 
is at 9 km., and the temperature - 50® C. ; while above the equator 
the height is about 18 km., and the temperature about -80® C. It 
may seem strange that the lowest stratosphere temperature should 
be over the equator ; but this is because the tropopause is highest 
there, and for each extra kilometre of troposphere there is the 
corresponding extra fall of temperature. 



Summer Equator Winter 


Fig. 190, — General variation of teinperaturt' with altitude at different 
latitudes. Left, summer ; right, winter. 

By pftrmUnion of the CtmtroHer of U. M .Stationrry Ogire, 

Fig, 190 illustrates the mean temjxjrature distribution and the 
way in which it varies with latitude ; tlie left-hand side of the 
diagram shows the mean summer distribution, the right-hand side 
that for winter. It will be seen from this diagram that, within the 
stratosphere itself, the tem[)erature increases very slowly witl 
increasing height; it is believed that "this increase persists up 
great heights, and that at alx)ut 50 km. the temperature is as hig 
as at the earth’s surface. There are three consistent pieces 
evidence pointing to this: (1) a layer of ozone, which absorbi 
ultra-violet light, and hence is heated, has been detected bj' opti 
means ; (2) the incandescence of meteors, according to the theo 
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i^indemaaan and Dobson, requires a fairly high atmospheric 
temperature ; (3) abnormal audibility of distant explosions can be 
expiained by the reflexion of the sound from a warm layer in the 
upper air. 

Clouds and precipitation. Clouds are classified into four main 
groups or families according to their heights, and each family is 
further subdivided into classes or genera, making ten fundamental 

types. 

CLASSIFICATION OF CLOUDS 


I"" 

High 

clouds. 

Medium 

clouds. 

Low 

clouds. 

Clouds with 
marked 
vertical 
development. 

Mean upper 
level 

12,000 m. 

6,000 m. 

2,000 m. 

12,000 m. 

Mean lower 
level 

6,000 m. 

2,000 m. 

Close to 
ground 

500 m. 

Genus - 

“■ 1 

Cirrus (Cl) 

Ctrro- 

cumulus 

(Oc.) 

Cirro- 

stratus 

(Cs.) 

Alto- 

cumulus 

(Ac.) 

Alto- 

strasus 

(.4».) 

Strato - 
cumulus 
(Sc.) 

Stratus 

{St.) 

Nimbo- 

stratus 

(N8.) 

Cumulus 

(CUn) 

Cumulo- 

nimbus 

(C5.) 


Cirrus (or the prefix cirro.) indicates high cloud, a«o medium 
loud, cumulus (or cumulo-) accumulated isolated patches or hea^ 
mation, stratus (or strato-) a layer of cloud, and mmbus (or mwito-) 

■ iSrtel^f the air as a whole is reduc^^^^w^ 
lew-point. a cloud is formed as the vapour condenses o"* “ 

If small droplets of water (or, at low temperatures, 

Wensation invariably happens as soon as w iwa i 
.tk. nuclei (f. m. m th. to rf ”7“ f 

wiMting from the sea, are always prearat m sn a _ 

“::s:ry“xsT'..iy 

at Whi4 the effect of air resistance ]ust balances the weig 
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of the drop. The larger the drop, up to a limiting diametei of 
5*6 mm., the greater is the value of the terminal velocity. Waiter 
drops of diameter greater than 6*5 mm. are broken up into smo ller 
drops as they fall, so 5*5 mm. represents the greatest possible 
diameter for a raindrop, and 8*0 metres per second its greatest 
speed through the air. It should be noted that this is the speed 
relative to the air ; in a vertical upward current of 8*0 metres per 
second raindrops of this diameter would remain poised at constant 
height above ground, while an upward current exceeding tjhis value 
would transport them upwards. A 


Diameter of drop, 
in mm. 

001 

01 

10 

20 

30 

40 

60 

5-5 

Terminal velocity, 
in metres per 
sec. • - . 

0 003 



6-9 

6-9 

■ 

80 

8-0 


The chief difference between a cloud and a fall of rain lies in th 
rate of settling relative to the ground. A cloud comprising droplet 
of 0*01 mm. diameter will at first settle very slowly indeed. It ma 
be supposed that the droplets collide and coalesce, falling faster s 
they grow, and collecting further small drops as they fall ; by th 
time they have reached a diameter of a millimetre or two they ma; 
either (1) fall as rain with the considerable terminal velocity offou 
or five metres per second, or (2) if there is an upward current 
sufficient velocity, stay up aloft as a cloud and continue to grov^. 

As the temperature falls, on the average, 6® C. for each kilome 
rise, a ground temperature of 15® C. means that at all heights abovi 
2500 metres the temperature is below the freezing point ; that is 
all except the lowest clouds are on the whole below the freezinj 
point. This does not mean that most clouds necessarily consis 
mainly of ice crystals. Small droplets can be supercooled far belofl 
the normal freezing point and still renmin liquid, while larger ( 
tend to freeze more readily. 

Low clouds, up to a height of about 3000 metres, usually consi 
entirely of water droplets, whatever the temperature, provided ^ 
droplets are small ; but if the droplets are cold enough to 
and at the same time large enough to fall, freezing occurs and thj 
are precipitated as snow. The beautiful and varied forms of sno . 
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es are formed by the joining together of the smaU crystals of ice 
ued froi^i individual droplets. The medium clouds, up to about 
lO metres, contain chiefly supercooled water, though some ice 
stals are present due to the freezing of the larger drops. The 
h cirrus clouds above 6,000 metres consist chiefly of ice crystals, 
[he usual form of frozen precipitation is snow or sleet. Hail and 
t hail occur under conditions of violent disturbance, and are 
lally associated with thunderstorms. The first stage in the 
nicition of a hailstone is the freezing of a fairly large drop ; for 
s to happen, the temperature must be well below 0® C., and there 
i.st be a si/rong vertical upward current, sufficient to prevent the 
)p from falling. Once the drop has frozen, it may grow either by 
lecting small supercooled cloud droplets, which freeze on it 
itantaneously and form the loose white roe-like structure of soft 
il, or else by picking up droplets at temperatures only slightly 
low' 0° C., which spread over the surface and freeze slowly, 
rming a solid shell of clear ice. The first process usually takes 
ace in the colder regions at the top of the cloud, where the smaller 
oyilets will in any event be swept by the upward currents, and 
e second in the less cold lower levels. A hailstone may be swept 
awards by ascending currents and fall down to the lower part of 
10 cloud several times before it becomes large enough to fall to the 
ound. A section across such a stone will show successive rings 
: white ice (collected at the top of the cloud) and clear ice (formed 
the lower levels), from which its life-history can be deduced, 
ailstones do not, of course, break up in falling, and hence can have 
imeters and velocities greatly in excess of the 5*5 mm. and 
metres see. which are the limiting values for raindrops. 

The c‘(X)ling which leads to the formation of a cloud may occur 
a variety of W'ays. Apart from one or two easily understood 
crnial processes, such as the cooling of a mass of w'arm saturated 
hy direct mixing with a current of cold air, or the cooling of the 
('rs near the ground when this itself has cooled by radiation 
i'ing rise to a low cloud known as mist or fog according to its 
isone.ss and opacity), the chief general cause of cloud formation 
^^ooling by adiabatic expansion on account of the decrease m 
^'ssure as a mass of saturated air ascends. The various ways in 
this may be caused may be classified as (1) irregular upward 
or turbulence, ‘ (2) local orographic effects, that is, the 
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tendency of hills and mountain ranges to force upwards a currant 
of air directed against their sides, (3) large-scale convection currents, 
such as occur over land masses on a fine warm day, and (4) a general 
ascent over a wide area. The last two are particularly general ii] 
their incidence, and are discussed more fully later on. 

Condensation on solid surfaces. On a clear still night, radiative 
cooling of the ground is considerable. When the ground is cooled 
below the dew-point of the air just above it, moisture is (i^posited 
as dew. If the ground temperature falls below the freezing point, 
ice is deposited, or dew already deposited is frozen ; in bdjth these 
cases the result is a layer of hoar-firost. The temperature of poorly 
conducting surfaces, and bodies of large surface area and low thermai 
capacity, such as leaves and blades of grass (though some of th( 
observed moisture is exuded from 'within and not deposited) fall^ 
rapidly and so they collect substantial deposits. 

Bime and glazed frost. These are both caused by the precipitatic 
of supercooled water droplets, which solidify after depositio] 
Instantaneous freezing of the whole drop does not occur, sin< 
latent heat is evolved with solidification, and this has to be extracte 
by the surroundings, a process which takes time. If the drops ai 
very small and very cold, they may freeze rapidly, without coalesciii 
with other drops, giving a white deposit similar in appearance t 
hoar-frost, which is called rime. If the drops are large and only 
little below the freezing point, freezing may be so slow that a fill 
of water is first formed, and the result is a layer of clear ice know 
as glazed frost. 

Dangerous ice accretion can occur on aircraft flying throiigl 
clouds containing supercooled water droplets, due to the depositio] 
of rime and glazed frost. Hail, snow, or ice crystals already presen 
in the cloud can do little harm, since they do not stick to the surface 
of the machine. Really dangerous icing only occurs if the aircraf 
is flying through rain or cloud composed of supercooled wate 
droplets, with the temperature between 0® C, and -11®C. ; thi 
temperature range rarely covers a difference in altitude of nioi 
than 2,500 metres, and whenever possible icing is avoided by Hyifl 
at an altitude outside this range. 
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STABILITY IN THE ATMOSPHERE 
ATMOSPHERIC MOVEMENT 

Stability of the atinosphere* When a liquid, which is practically 
jpcoinpressible, is heated from below, it is easy to forecast what 
\\ill happen. The heated portion at the bottom becomes less dense 
ithaii the rest of the liquid, and forthwith rises to the top. With 
\]^e atmosphere, however, things are not so simple. The heated 
portion becomes less dense, and starts to rise ; it rises to a region of 
lower pressure, and expands adiabatically, thereby falling in tem- 
perature. There are now two possibilities. It may be either warmer 
and therefore less dense than the surrounding atmosphere at this 
level, in which case it continues to rise ; or the adiabatic expansion 
may have lowered the temperature so much that it is cooler and 
denser than the surrounding atmosphere, in which case it sinks again. 
Ill the first case, the atmosphere is said to be unstable, and once 
convection starts it continues as a steady upward current ; in the 
second case the atmosphere is stable, or in stable equilibrium, and 
steady upward currents do not occur. The rate of decrease of tem- 
perature with height in the ascending mass of air can be calculated 
from the laws of adiabatic expansion ; if this is less than the lapse 
rate in the surrounding atmosphere, there is instability, while if this 
is greater than the lapse rate, the atmosphere is stable. 

Suppose at first that the rising ah is perfectly dry, and consider 
Dne gram molecule. The relation connecting temperature and 
presfsuie for adiabatic change is 

constant (p. 259), or = constant. 

Differentiating, yTv-ipi-vdT -f (1 whence, can- 

idling and re-arrangmg, j • 

The vertical rate of decrease of pressure with altitude is given by 
Ip dh --gp (p. 419), 
tnd the temperature lapse rate 

'SU'dp 'dh y P 

, \r pT M 

^ow. pV’-RT or pj^BT; ao — = ;g » 

. dT ^ Mg y-1 
dh B' y 
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Substituting the values M =29, i? = 8*3 x 10’ erg/mole/®0., 
gr = 981 cm./sec.^ y = 140, 


dh 


29x981 X 0-288 
8-3 X 10’ 


= nearly - 10“^ ®C./cm. 


= - 10° C./km. approximately. 

The value 10° C./km. is called the dry adiabatic lapse rate. 
Supposing “ standard atmosphere ” conditions with a lap^e rate of 
6° C./km., w hen a mass of dry air rises a distance x km. it cools some 
lftr° C. below its ground-level temperature, while the surrbunding 
Air has fallen only 6a:° C. below’ the ground-level temperatui^. The 
Ascending air is 4a;° C. cooler than the surrounding air, is denser, 
and sinks again. Thus a mass of perfectly dry air will always 
be stable provided the actual lapse rate does not exceed 10° C./km., 
An event which rarely happens, except close to the ground. The 
calculation for perfectly dry air holds approximately for moist air, 
provided the relative humidity is low’. 

The fall in temperature of an ascending mass of air saturated with 
water vapour is very much less than that of dry air under similar 
•conditions. This is because, as soon as the temperature falls slightly, 
w’ater vapour condenses and latent heat is evolved. The rate of 
fall of temperature wdth height for air saturated with w ater vapour 
is called the saturated adiabatic lapse rate. The value depends on 
the temperature, and approaches the dry adiabatic lapse rate at ^ ery 
low temi)eratures because then the absolute amount of water 
vapour present per unit volume of air is very small. The value at 
15° C. is about 5° C./Ttm. ; at 0° C., 6-2° C./km. ; and at -20® C., 
8-6° C./km. On a day when the actual lapse rate is 6° C./km., the 
temperature of a mass of saturated air at 15° C. rising x km, falls 
C., while the surrounding air falls 6x° C. The ascending mas^ 
is now warmer and less dense than the surrounding air, and continuei 
to rise and deposit moisture until its temperature has fallen to th^ 
value at which the satiirated adiabatic lapse rate exceeds the actu 
lapse rate. The state of affairs when the actual lapse rate exce 
the saturated adiabatic lapse rate is called ccmdiiioml mstafnlitjli 
for it offers the possibility of instability if there is saturated ^ 
present. Hence a knowledge of the relative humidity is essenni^j 
in addition to the value of the actual lapse rate, before it can be sai 
whether there is instability or not. 
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from below, when a mass of air of high relative humSy k wSS 
bv contact with the ground ; (2) when a current of coW air Zws 
ovor a current of warmer air ; for example, if the wind in the loweJ 
„r .s a warm southerly wind, while that in the upper air is a cooler 
^uth-westerly ; (3) at the cold front (p. 441) of a typical frontal 
depression, where cold air sweeps underneath a layer of warm moist 
air, forcmg it to nse ; this is dealt with later. 

In most cases the occurrence of instability is marked by violent 
large-scale upward currents, giving large cumulus clouds and 
resulting in heavy rain and thunderstorms. 

Tho actual lapse rate may have any value up to that for the dry 
" iiaf)atic, and will vary with height in any individual observation. 

1 hot sunny days, the lapse rate for the first few thousand feet 
lO^'e the ground may approach the dry adiabatic value ; inside a 
iu<i, the lapse rate is that for saturated adiabatic conditions, 
iversions of temperature are frequent, with a layer of warm air 
:o\e cooler layers. These may occur as the result of strong local 
!oling at ground-level, either when the earth cools by radiation at 
iiiht under still conditions, or when a current of air from warmer 
‘iiions has its lo\ver layers cooled as it sweeps over the ground, 
versions accompany extremely stable conditions. 

The tephigram, A short-range forecast of local upper air con- 
itious can be given if (1) the lapse rate at different levels, and 
the relative humidity at each level, have been observed. In- 
tahility may occur if the actual lapse rate exceeds the saturated 
ifliahatic lap^se rate at the particular level, and will occur if the 
rdati\ (‘ humidity at that level is high enough. 

I T he usual way of representing the temperature-pressure observa- 
is on a temperature-entropy diagram (p. 286) called a Uej) 
or tephigram being the symbol for entropy). On this, 


and vertical rectangular axes are taken for temperature 
entropy respectively, but the entropy co-ordinates are not 
calculat'd and plotted. Instead, the appropriate calcula* 
Ns luv done once for all the paper is being prepared, and 
of equal pressure, sloping upw'ards across the diagram from left 
r (‘liable each point to be plotted from the temperature and 
readings. 
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Actually, the meteorologist fixes on another quantity instead c 
entropy, which has the same property of being constant throughonr 
adiabatic change. A given mass of dry air, whatever adiabatic, 
changes it may undergo, will always return to a given temperatur(! 
if compressed adiabatically to a given pressure. The temperature 
which would be taken up by the air at any point in the atmosphere, if 
it were dry and were compressed adiabatically to a standard pressure 
of 1000 mb., is called the potential temperature at that point. For 
adiabatic change the equation =- constant holds, so, if p mb, 

and T® K. be the actual pressure and temperature, the poteintial 
temperature K. at 1000 mb. is given by ^(1000)^~y = 
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Degrees Fahrenheit 

Fio. 191. — Tephigram. (By permission of the Controller of B.M, Stationery Office.) 
Lines of equal temperature, vertical. 

Lines of equal entropy or potential temperature, horizontal. 

Lines of equal pressure, as calculated from formula, sloping up from - 
left to right. 

Lines showing saturated adiabatic lapse rate, sloping up from right to 
left. 
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This perhaps complicates matters from the point of view of the 
physicist, and it may be simpler to think in terms of entropy ; 
but it is instructive to see how the lines of equal pressure are 
drawn in. If the potential temperature 6 (usually plotted on a 
logarithmic scale) and temperature T are taken as co-ordinates, 
the locus of all points with a given value of p is obtained from the 
formula above. 

The first important point about the tephigram, then, is that 
adiabatic change is represented by a horizontal line, since the 
entropy (and potential temperature) is always the same throughout 
adiabatic change. The horizontal direction is thus that of the dry 
adiabatic lapse rate, and the more nearly horizontal the plotted 
line lies, the closer is the actual lapse rate to the dry adiabatic value. 

Lines showing the satiirated adiabatic lapse rate for various 
initial conditions are shown as smooth curves sloping upwards 
across the diagram from right to left. 

Dew-point lines, which indicate the conditions under which given 
amounts of water vapour will just saturate a given mass of dry air 
are also drawn in on the paper. 

Fig. 191 represents a simplified tephigram (with the dew-point 
lines omitted for the sake of clearness). It is taken from ‘‘ Meteoro- 
logy for Aviators ”, by R. C. Sutcliffe. The records of two ascents 
are plotted on it. 


UPPER AIR OBSERVATIONS PLOTTED IN FIG. 191 


Pressure (mb.) 

1012 

1000 

950 

900 

850 

800 

750 

Ascent I. Temp. (F.) - 

51 

52 

55 

53 

50 

47 

42 

Ascent II. ^Temp. (F.) - 

76 

75 

69 

63 

56 

48 

39 

Pressure (mb.) 

700 

650 

600 

550 

500 

450 

400 

Ascent I Temp. (F.)* - 

38 

30 

21 

11 

— 

— 

— 

Ascent II Temp. (F.) - 

30 

22 

13 

3 

-7 

- 11 

-15 


For ascent I, there is an inversion of temperature between the 
surface S and A, from A to B the lapse rate is less than that for the 
saturated adiabatic, while beyond jS it is greater. There can be no 
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instability of saturated air at levels below B ; above B there isi 
conditional instability, and relative humidity values are requir{Tl 
for further pronouncement of conditions there. For accent II, the 
saturated adiabatic lapse rate is exceeded all the way from tl 
surface to Ay while from A to B the lapse rate is less than that for 
the saturated adiabatic value, and conditions should be stable, if 
the relative humidity in the lower levels is high, instability occui.s, 
and if cloud is formed it will extend upwards at least as far as .1, 
flattening out in the stable region AB, ^ 

The dew-point lines are omitted in Fig. 187, but it can be seen 
how they help to complete the information already obtained. l\et 
us suppose that in ascent II the plotted line cuts the appropriate 
dew-point line for the observed relative humidity at the point X. 
Below the level of X, instability is only conditional ; above this 
level actual instability occurs. Hence the cloud base can be 
expected to be at about the height of X. Further, it can be seen 
that instability actually persists above the point A, which could 
scarcely have been guessed in the absence of humidity data. For 
the criterion of stability is the saturated adiabatic line through the 
point X at which saturation begins ; so long as the plotted curve 
lies below this, there is instability, and stable conditions begin above 
the point Y, at which the saturated adiabatic lapse rate overtakes 
the actual lapse rate. The upper limit of cloud formation should 
thus be at about the level represented by Y, 

Pressure distribution at mean sea-level. The synoptic chart or 
“ weather map ” is compiled from simultaneous observations of the 
weather conditions at a large number of stations, which are tele- 
graphed to the Meteorological Office. The charts published daily in 
peace-time covered the whole of the northern hemisphere. The 
most important single observation is the pressure, which is reduced 
to what it would have been if the station were at sea-level. Line& 
joining places at which the pressure has the same value are called 
isobars, and the isobars form patterns on the map which can bcf'^t 
be likened to the contour lines on an ordinary map of a varied stretci) 
of country such as the Lake District. Anyone quite unfamiliai 
with the actual stretch of country, and quite unskilled in map- 
reading, would be struck by the way in which the contour lines 
form systems which, though differing considerably in details, car 
be classified into groups according to general resemblance in type. 



Fig. 192. — Isobars showing different pressure systems. 

By permission of the Controller of H. M. Stationery Office* 

Similarly, the widely varying patterns of the isobars reveal pressure 
systems which can be classified into a few general types, as follows 
(the letters refer to Fig. 192) : 

1. Depression, cyclone, or “ hij ” (L). A centre of low pressure, 
with winds blowing nearly along the isobars in an anticlockwise sense 
in the northern hemisphere. The inner isobars form closed curves. 

2. Secondary depression (S). An offshoot from a larger depression, 
in which the isobars are not necessarily closed. 

3. Trough of low pressure, or V-shaped depression (T). 

4. Anticyclone or ‘‘ high (H)* A system with more or less 
closed isobars, the pressure highest in the centre, winds blowing 
clockwise in the northern hemisphere. 

5. Bidge or wedge of high pressure (B). 

6. Col (0). ^ 

The direction of the wind at ground-level is usually nearly along 
the isobars, but in general slightly inclined towards the direction 
in which the pressure is lower ; that is, slightly inwards in a cyclone, 
and slightly outwards from the centre of an anticyclone. The 
sense is anticlockwise in the northern hemisphere and clockwise in 
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the southern hemisphere for a cyclone, and clockwise in the northern 
hemisphere and anticlockwise in the southern hemisphere for an 
anticyclone. Strong winds occur when the isobars are close to- 
gether, that is, when the rate of decrease of pressure with distanco 
measured horizontally, called the pressure gradient, is large. The 
connection between the wind direction and the pressure distribution 
is summarised in the rule known as Buys Ballot’s^ Law, which states : 

If you stand with your back to the wind, the pressure is lowest on your 
left hand in the Northern Hemisphere, and lowest on your right hand in 
the Southern Hemisphere. 

As local ground features often modify the direction of the wi\id 
considerably, it may occasionally happen that the rule, and all t^je 
foregoing statements about wind direction, fail. But at a few 
hundred feet above the ground, and at greater heights, the direction 
of the wind is almost exactly along the isobars, and its speed is very 
nearly proportional to the pressure gradient. 

Geostrophic wind. It might at first be expected that the direction 
of the wind would always be directly towards a centre of low pres- 
sure, and directly aw'ay from a centre of high pressure ; that is. 
that the flow of air would always be in the direction of the pressure 
gradient instead of at right angles to it. But this tendency is 
frustrated by the rotation of the earth, which acts so as to give the 
moving air an acceleration at right angles to its path. This 
acceleration is always directed to the right of the path in the 
northern hemisphere, and to the left in the southern hemisphere, 
and its value is 2 Feu sin where F is the velocity of the wind, oj 
the angular velocity of rotation of the earth, and cl> the latitude. 
If there are no other effects to consider, steady motion of the wind 
is only possible when this acceleration due to the earth’s rotation 
is exactly equal and opposite to the acceleration due to the pressure 
gradient. As the acceleration 2Fa>sin^ acts at right angles to 
the motion of the air, and directly opposes the pressure gradient, the 
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air must move at right angles to the pressure 
gradient, and the wind must blow along the 
isobars. When only the effects of pressure 
gradient and the earth’s rotation are import- 
ant, this happens, and the wind is called the 
geostrophic wind. 

Consider a cube of air of 1 cm. side (Fig. 193), 
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dth two faces A and S perpendicular to the pressure gradient, 
he value of which is G. If p be the pressure in absolute units 
t A, the pressure at R is p + G, the forces on A and B are p and 
) + G dynes, and the resultant force on the cube is 0 dynes. If 
) gm. per c.c. be the density of the ai^, the mass of the cube is gm., 
md the acceleration due to G is 6/p cm./sec.® 

Thus steady motion occurs when 

2Fa)sm^ = G//) or F = jr— ^U-r. 

2a)pBm<f> 

lence V is proportional to the pressure gradient for given values 
)f p and (/> \ if 6? and </) are fixed, V decreases as p decreases with 
ncreasing altitude, while if G and p are fixed V increases as sin (f) 
lecreases ; that is, as the equator is approached. The equation is 
[lot valid for values of (j> less than about 10°, for it suggests an 
infinite value for F when =0. 

Providing the conditions are steady and the isobars nearly 
straight and parallel, the formula gives a good approximation to 
the value of the velocity of the wind at heights of 1000 ft. or so 
above the ground at latitudes greater than about 10°. The wind 
velocity can be read off from the weather map by measuring the 
separation of the isobars with a scale graduated in accordance with 
the formula. 

Gradient wind. The geostrophic wind calculation holds strictly 
only for parallel straight isobars. To adapt this more closely to 
the case of a cyclone or anticyclone, suppose that the isobars are 
circular. If the air is moving steadily with uniform velocity V 
in a circle of radius r, an acceleration of V^/r towards the centre 
must be provided. This must be furnished by the resultant of tlio 
accelerations 6 jp and 2Fco sin </>. 

In a depression, the wind moves anticlockwise (in the northern 
hemisphere) and the pressure gradient effect Gjp inwards opposes 
the geostrophic effect 2Fa> sin which is to the right of the path 
and therefore outwards ; so 

F2/r=G/p-2Fcu sin </>, 

In an anticyclone, the wind moves clockwise (in the northern 
k'misphere), the pressure gradient acts outwards, and the geo* 
strophic effect, to the right of the path, acts inwards, so 
F2/r=2Fa) sin^-C?/p. 
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The value of V obtained from the appropriate equation is calle^i 
the gradient wind velocity. 

Both the geostrophic and gradient wind calculations hold onW 
for winds well above the surface of the earth. Friction at the 
ground reduces V below the value necessary to balance G ; hence' 
winds at ground -level are always less strong than the calculations 
indicate, and are deflected by the pressure gradient towards the 
low-pressure side of the theoretical direction. 

Thermal wind. Suppose for the moment that the pressurei at 
“ the earth’s surface is uniform over a large area, while the temperature 
is not. Consider two points A and B some distance apart. If ^le 
temperature at and above B is greater than the correspondiup 
values for A, the air above B is less dense than that above A, so 
the pressure falls off less rapidly above B, At a height of some 
thousand metres or more the pressure above B exceeds that above 
A, so that there is a pressure gradient acting from B to A, i 
there will be a wind at right angles to this, following the geostrophic 
calculation, and called the thermal wind. 

This is, of course, an ideal case ; in practice, the thermal wind 
is superposed on the gradient wind, and the actual wind in the upper 
air is the vector resultant of the two. As the poles are always the 
coldest part of the earth, there is always a horizontal temperature 
gradient directed southwards in the northern hemisphere, and a. 
consequent pressure gradient directed northwards in the upper air. 
Thus the general tendency of the thermal wind is from west to east, 
and it is generally observed that winds in the upper air show a 
westward tendency as compared wdth the winds at ground level. 

Mean pressure distribution and general circulation of the atmos- 
phere. If the monthly average value of the pressure is taken as the 
basis of an isobar map for the whole world, it is found that the mean 
pressure distribution for a given month varies little from year to 
year. In January, for example, there are large centres of high 
pressure in the northern hemisphere over western Canada and 
central Asia, and a centre of low pressure over Iceland, while in the 
southern hemisphere there are large centres of high pressure in the 
South Atlantic, the South Pacific, and the Indian Ocean. In July, 
the distribution in the southern hemisphere is roughly the same as 
for January, but in the northern hemisphere centres of high pressure 
appear over the North Atlantic and North Pacific, while the centres 
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)f low pressure appear over north-east Canada and in the neigh- 
)ourhood of the Himalayas. 

The general month-by-month trend of the winds, governed by 
;he same rules as in actual individual cyclones or anticyclones, is 
•oughly in the direction of these average isobars. The main wind 
listributions are generally classified as : 

1. A belt of calms or of light variable winds, with converging 
dr on the equator (doldrums). 

2. Belts of trade winds between the doldrums and lat. 30® N. 
ind 30® S. blowing from the north-east in the northern and from 
he south-east in the southern hemisphere. 

3. Belts of light variable winds, with diverging air which descends 
iom higher levels in about lat. 30® N. and 30® S. (horse latitudes). 

4. Regions of prevailing south-westerly winds in middle latitudes 
)f the northern hemisphere, and north-westerly winds in middle 
atitudes of the southern hemisphere. 

5. Around the poles regions of outfiowing winds with a component 
from the east. 

This is the ideal planetary wind circulation, which is approxi- 
nately that over large ocean areas ; over large land masses, the 
dnds are modified to a great extent by local factors. 

WEATHER FORECASTING 

It is well known that a change in the barometric height and a 
change in the wind usually accompany a change in the weather, 
and observant people can, from these and other signs, give a fairly 
Rood forecast of the local weather for a few hours ahead. These 
local signs are, however, merely evidence of large-scale changes 
affecting areas perhaps a thousand miles in diameter ; the weather 
and weather changes over a huge area can be predicted from a 
sequence of synoptic charts showing the general wind and pressure 
changes over it. For example, if a depression centred over Iceland 
bas been observed moving steadily south-east during yesterday 
and today, tomorrow’s weather over a wide area can be forecast if 
(a) it can be stated where the depression is likely to be then, and 
[h) the type of weather to be expected in each region of a depression 
Is known. This is the general principle underlying synoptic 
leather forecasting ; for further information, reference should be 
ttiade to one of the standard meteorological publications. 
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The general weather distribution in a typical depression was giver 
by Abercromby about the middle of the last century, and for fift^ 
years or so little was discovered about the way in which depression' 
originate or how the weather changes associated with them com 
about, so that forecasting consisted in essence of making an intelli 
gent guess, based on the past behaViour of similar depressions, a 
to where the one considered would next move. But from abou 
1920 onwards the polar front or frontal theory of the origin am 
structure of depressions has revolutionised forecasting and pla^ei 
it on a much firmer scientific basis. 

Frontal theory of depressions. The depression is the pressi^ 
system of greatest interest to the meteorologist, for it is charac 
terised by activity, motion, and change. Depressions arise am 
disappear, and may during their life-time move many hundreds o 
miles, bringing a more or less regular sequence of varied weathe 
conditions to the places over which they pass. Anticyclones, ofte: 
nearly stationary and maintaining steady calm conditions for 
long period, can perhaps be regarded merely as uninteresting area 
which are free from depressions. But something far-reaching i 
effect is steadily happening in the anticyclone ; the relative! 
stagnant air is acquiring the temperature of the ground below i1 
and becoming a homogeneous air muss of practically uniform ten 
perature and humidity. When the anticyclone is eventual! 
disturbed, this air mass moves as a whole. 

The chief sources of the air masses arriving in temperate region 
are the more or less permanent anticyclones at the poles and in th 
tropics ; the properties depend on whether they originate over se 
(maritime) or over land (continental), and air masses are thu 
classified as : 

Polar : in general cold and imstable : 

Maritime : moist. 

Continental : very dry, cold in winter, possibly warm i 
summer. 

Tropical ; in general warm, moist, and stable : 

Maritime : always very moist. 

Continental : not always moist, may be very hot and dry. 

When two air masses of different types meet, there is a m 
or less sharp zone of transition called a frontal surface. This 
inclined to the surface of the earth, and the line in which the fron 



FRONTAL THEORY OF DEPRESSIONS 


439 


surface meets the ground is called a front. A cold front is one at 
which cold air is moving so as to overtake warmer air, and a warm 
front one in which warm air is overtaking cold air. 

The frontal theory of depressions is due to the Norwegian 
meteorologist Bjerknes and his collaborators, who, during the War 
of 1914-18 were obliged to find some means of forecasting based on 
observations made in Norway alone. A close network of observing 
stations was set up, and the information gave very accurate and 
detailed pictures of conditions in a depression. The word “ front ” 
was chosen in its war-time sense, as indicating a region of conflict 
between two different air masses. 



Pressure gradient 

Fig. 194. — Section and plan of frontal surface. 

Frm “ Meteorology for Aviators ”, by permission of the Controller of H. M. Stationery Office. 


Fig. 194 indicates a vertical section through a frontal surface 
separating a warm air mass A from a cold air mass B, and a plan 
showing the isobars. As the colder air is denser, the pressure at X 
should be greater than the pressure at F, and there should be a 
steady pressure gradient directed from X to Y. It might be 
expected that the cold air would therefore sweep under the hot air 
land raise it. But such a system will be stable if there is a wind of 
he geostrophic value V appropriate to the pressure gradient, 
blowing parallel to the isobars, with the warm mass on the left and 
^1^ cold mass on the right, or if the relative vehcity of the two masses 
aas this value and this sense. In this case, the frontal surface re- 
ttiains statipnary, the slope being something like 1 in 100 to 1 in 150. 



440 


A TEXT-BOOK OF HEAT 

, loiif If the front is in motion, the ai . 

rangement of the isobars may be a.s 
shown in Fig. 195. Both air masses 
are moving, with different velocities 
and in different directions. Let be 
the velocity of the cold mass, at an 
angle a to the front, and Fg the velocity 
of the warm mass at an angle j8 to 
the front. Then F^ sin a = Fg sin jS = 1 ;, 
the velocity with which the frobt 
I ' PRESSURE itself moves, while the relative velocity 

Fi cos a + Fg cos jS equals F the geo,- 
Direction of motion of strophic wind value required fot 
front with veiocity V Steady Conditions. 

Fig. 195.— Moving front. go f^r we have considered a sta- 

tionary front and a moving front, 
in both of which the isobars are straight and parallel. The chiei 
feature of these cases is that there is no vertical ascent of air, and 
nothing but a rather disappointing stability. How is it 
vertical ascent of air occurs? The answer appears to be, that when 
there is a general convergence of horizontal air currents toward 
any particular place, as in the deepening V-shaped depression 0 
Fig. 196, the air does not accum- 
ulate there, but is removed by 
being displaced upwards. Also, 
owing to ground friction, winds 
always blow slightly towards 
the centre of any depression, 
and hence there is always an 
ascending current of air from 
the centre of low pressure. In- 
teresting weather conditions do 
not develop until the stable 
front has been disturbed and 
converted into a depression. 

The successive stages in the 

formation of a depression on a fio. 196.— Motion of air in V-shaped 
stationary front are illustrated depression, 

in Fig. 197. The first stage (a) 





GROWTH OF A DEPRESSION 441 



Fig. 197. — Stages in formation of a depression at a stationary front. 
From ** Meteorology for Ainators ”, by permission of tfie Controller of U, M. Stationery Office. 


ows the stationary front with the warm air mass to the south and 
cold air mass to the north, the usual case in the European area, 
lie front FF is stationary, but the air masses themselves are travel- 
parallel to FF in opposite directions as the arrows indicate, 
istability, with a small low-pressure region, develops at some point 
i the front, as in (6). The reason why this should start has not 
m explained, but the frontal theory is a description of the way 
1 which depressions are observed to develop, and not an attempt 
) give theoretical explanations at every step. A kink in the front 
suits, with warm air intruding and forming a warm front (indicated 
a round-studded line) on the right, and the cold air sweeping 
I and formmg a cold front (indicated by a spiked line) on the 
The depression deepens and grows, the whole moving along 
t^e direction of motion of the warmer air. In the fully developed 
Jpression (d), the region between the cold front and the warm front 
called the warm sector, and the remainder the cold sector Within 

2s 


N.B. 
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the warm sector itself, conditions are usually warm, humid, fin 
or cloudy, and stable. The direction of motion of the depression its^ 
follows the direction of the isobars in the warm sector, a very importaj] 
rule. Disturbed weather occurs chiefly at the two fronts. 

At the warm front, warm moist air rises steadily along the fronts 
surface and cools adiabatically, producing cloud all the way, tij 
cloud succession starting with cirrus at a height of 10,000 metr 
at the top of the frontal surface and perhaps 500 miles in advanq 
of the front itself, to low nimbostratus giving heavy rain jani 
extending perhaps as far as 200 miles ahead of the front. 

At the cold front, things are much more complex and viol^i 
The cold air undercuts the warm air, unstable conditions develi)t 
and high winds and heavy storms may occur. 

Fig. 198 shows a vertical section through the warm sector of^ 
depression taken along the line BCWA of Fig. 197(d). It is nc 
proposed to add any comments to this, for it can be seen that th 
weather distribution is more or less that indicated by the foregoin 
considerations. The depression is travelling from left to right. 



Fig. 198. — ^Vertical section of warm sector of depression, showmg 
weather distribution. 

From “ Meteorology Jor Aviators ”, by permission of the Controller of 11. M. Stationery Office 

Fig, 199 indicates the general weather and cloud distribution 
a typical warm-sector depression. 

In the later stages in the life of a depression, the cold froi 
sweeps round and overtakes the warm front ; that is, the whole < 
the warm sector air, which rises at both fronts, is lifted clear of tt 
ground. The depression is then said to be occluded Aft* 
this stage is reached the depression may remain stationary for son 
time, eventually filling up and disappearing. Most depressions ai 
occluded by the time they have reached England. The maps 
p. 444 show the final stages in the occlusion of a depression, the to 
front moving eastward from the Atlantic and overtaking the war- 
front over the British Isles. 
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Fia. 199. — ^Plan of warm sector of depression, showing weather 
distribution. 

jProm ** Meteorology for Aviators *\ by permission of the Controller of H, M. Stationery Office. 


The frontal theory describes the average depression of temperate 
Regions, but depressions may arise in several other ways. Regions 
f low pressure may be developed over large land masses by surface 
leating of the ground (thermal depressions) or in regions where 
^cal vertical instability arises (instability depressions). Mountain 
langes may either obstruct the flow of the wind so that it tends to 
[Mow round, forming large-scale eddies on the lee side which amount 
) small depressions, or the retarding of a cold front by a mountain 
arrier may give the equivalent of a warm sector on the lee side ; 
lepressions formed in either of these ways are called orographic 
depressions. 

Conclusion. In this chapter an attempt has been made to show 

I low the meteorologist applies physical principles to the study of 
leather phenomena. The great progress that has been made in 
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his field, where observations are often difficult to make and are 
arely so complete as could be wished, and where the observer has 
10 control at all over the conditions, is a fascinating story which will 
roll repay further study. The following are recommended for 
iirther reading : 

1. “Meteorology for Aviators”, by Dr. R. C. Sutcliffe (H. M. 
Stationery Office). 

2. “ Weather Study ”, by Prof. D. Brunt (Nelson), 

oth of these have been used freely in preparing this chapter. 

3. “ A Short Course of Elementary Mete- 

orology ”, by W. H. Pick. 

4. “ The Weather Map ”. 

5. “ The Meteorological Glossary”. 
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METHOD OP DIMENSIONS 

The student is probably familiar with, or will surely eventuallj 
meet, the method of dimensions as applied to other branches 
Physics, It has proved a fruitful means of attacking convecftio] 
problems in Heat (see p. 365), but there seems to be no agreeiipeii 
and much perplexing discussion as to the dimensions of the^sj 
quantities. This appendix is largely based on P. W. Bridgmifin 
Dimensional Analysis (Oxford University Press). 

The chosen fundamental standards to which physical measure 
ments are referred are those of mass, length, and time ; that i; 
starting in the c.g.s. system with the unit of mass (the gram), ( 
length (the centimetre), and of time (the second), the units of aj 
other purely mechanical quantities can be derived from these thre^ 

For example, the unit of volume is the cubic centimetre (cm.®), 
area the square centimetre (cm.®), of density one gm. per cm.® (o 
gm, cm."®), of acceleration one centimetre per second gained pe 
second (cm. per sec.®, or cm. see."®). The powers of the fundament^ 
units which appear in the unit of the derived quantity are callej 
the dimensions of the quantity in mass, length, and time, ani 
capitals M, L, T, with or without brackets, are used to denot 
these dimensions. Thus the dimensions of volume are L' 
of density ML“®, of acceleration LT"®. Proceeding in this waj 
as force == muss X acceleration y the dimensions of force are MLT‘® 
pressure, which is force per unit area, has dimensions MLT”®/L®, c 
ML"^T"® ; and work which is force x distance, dimensions ML®T 
which are also the dimensions of energy. 

Numerical coefficients (pure numbers or numerics) are of zer 
dimensions ; but a “ constant such as for example R or g, ma 
have dimensions, and as a general rule most ‘‘ constants of propoi 
tionality introduced into equations turn out to possess dimension! 

The dimensional symbols usually denote possible operation! 
The statement that the dimensions of area are L® means tha 
whatever the magnitude of an area, or the magnitude of the lengt 
standard chosen, the operation of comparison with the standard 
length has to be performed twice, directly or indirectly, in order t 
measure it. A ratio between two quantities of the same kind is ( 
zero dimensions, since this is independent of the units ,used 1 
effect the individual measurements, and can be determined withot 
the use of any standards at all. 
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In heat, two new fundamental units are chosen — ^the unit of 
. mperature difference (the centigrade or Fahrenheit degree) and the 
nit of quantity of heat (the calorie, or B.Th.U. or other thermal 
nit) ; and the operation of measuring a temperature can be 
enoted by the dimensional sign 6. and that of measming a quantity 
f heat in terms of the thermcd unit of heat by the sign H. For the 
leasurement of heat in energy units ^ no fresh unit is needed ; the 
peration required is the measurement of a quantity of energy, 
Iready denoted dimensionally by 

Now, thermal measurements, like all other physical measure- 
lents, are based on mechanical observations. It is true that the 
perations of weighing and timing really reduce to watching a 
ointer — that is, observing a length only — but many people feel 
[lat some combination of the three dimensions, M, L, T might be 
)und to represent 6, 

The equations defining a temperature on any scale, such as 

™ for the constant volume scale, 

100 jPioQ-n 

0 Q 

^ Kelvin absolute scale, 

“2 ^2 

re indeterminate as to the dimensions of temperature in terms of 
[, L, and T. ^^hey state that the ratio between two temperatures 
quals the ratio between two pressures or between two quantities of 
iiergy. There is nothing here to state that the dimensions of 
?mperature are those of pressure or of energy, or that it is a 
imensionless ratio itself. The equations state that, to measure a 
3mperature interval, it must be compared in a certain way with a 
Dandard temperature interval, and this operation is best indicated 
y the unique dimensional symbol 9 , 

Although it is fairly widely stated that the dimensions of tempera- 
iire are those of energy, ML^T"^, it is hard to see any good reason 
jr this, or to reconcile it with the ordinary conception of tempera- 
ure as hotness, something to be measured in intensity and not in 
uantity. The recent suggestions by Benham and Brown 

L2T-2) merely illustrate the obvious fact that an indeterminate 
quation has innumerable solutions, and these are arbitrary choices 
urporting to represent (or reveal) the nature of temperature. But 
an this be done ? 

Consider for a moment the game of chess. The move requiring 
ne operation by a knight requires two successive operations by 
lie queen. Expressing this in a notation analogous to that of 
inensions, Kt = Q2. Thus there is an essential identity of nature 
‘ctween a knight and a queen squared ; or, on the chessboard, 
oyalty is the square root of knighthood! Such a line of argument 
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often appears intelli^ble in the particular case when the symbolj 
refer to the dimensions of physical quantities, but any meaninj 
attributable to it is at least limited. The notation of dimension 
is a servant to be employed when helpful ; it is not a mediuij 
capable of revealing the occult. 

To Bridgman, the important point is, not the actual dimensioui 
allotted to a quantity, but the classification of physical quantitioi 
into two kinds. First, noi^-dimensional quantities, the magnitude; 
of which are independent of the size of the units selected. Secondl y 
dimensional quantities, the magnitudes of which depend on the siz 
of the units selected, and to which dimensions can be ascribed 
consistent and convenient way. This clears the ground well ; \ fo 
whatever may be said in favour of any chosen M, L, T dimensi\)ii! 
for temperature, as they are unnecessary and inconvenient in appijy 
ing dimensions in thermal problems we shall disregard them. 

The dimensions of thermal quantities can be expressed in tw< 
convenient systems. First, the purely thermal system, in whio 
quantity of heat is measured in thermal units ; secondly, th 
dynamical system, in which quantity of heat is measured in cnerg; 
units. The dimensions of the more important quantities 
“ constants ” are listed below. 

(It will be seen that, if the dimensions ML^T“^ be allotted to 6 
the dimensions of i? and h are zero. But the numerical values o 
these quantities very obviously depend on the system of unit 
chosen, so that it seems hard to defend such a choice.) 


Quantity. 

Thermal 

dimensions. 

Dynamical 

dimensions. 

Temperature - - - - 

e 

e 

Quantity of heat - - - 

H 


Heat capacity per unit mass 
(absolute specific heat) 


L2T-2^-1 

Heat capacity per unit volume 



Relative specific heat 

0 

0 

Temperature gradient 


Ir^d 

Thermal conductivity 



Entropy - - - . 


ML^T-^r' 

“ Constant.” 

J 


0 

R 


ML*T-=r’ 

Boltzmann’s Constant /N 

ML2T-2|9-1_. 


Stefan's Constant - - . 

HL-2T-ir« 


First radiation constant, Cj 

HL^T-i 

ML'T-’ 

Second radiation constant, Cg • 


U 
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SOME USES OF DIMENSIONS IN HEAT PROBLEMS 

Conversion from one set of units to another. One general use of 
limensions is in facilitating the conversion of numerical results from 
me system of consistent units to another. It is doubtful if much 
abour is saved in the case of thermal quantities, chiefly because 
he commoner British units are often not “ consistent To con- 
cert a value expressed in c.a.s. centigrade units to lb. -ft. -sec. 
Fahrenheit units, proceed as follows : 1. Write down the dimensions 
)f the quantity. 2. Write down the value of each c.o.s. unit in 
British units. 3. Substitute these values for the symbols in the 
limensional formula. 4. Work out the result, which gives the 
lumber by which the c.a.s. value must be multiplied to give the 
British value. 

Example. The thermal conductivity of copper is 0-9 c.a.s. units ; 
vhat is its value in consistent British units (B.Th.U. per sec. per sq. ft. 
)er ®r. per ft.)? 

The thermal dimensions of conductivity are HL"^T“>^^. 

1 calorie = 1/253 B.Th.U. 

1cm. =1/30-4 ft. 

1 C. deg. = 9/5 F. deg. 

So the conversion factor is 

(l/263)> X (l/30-4r X (9/5)-‘ = ^|^=0 0672, 

md the conductivity of copper is thus (0-9 x 0-0675) = 0-061 units. In 
B.Th.U. per hour per sq. ft, per °F. per ft., as 1 sec. is 1/3600 hour, 
ind time occurs as T”^, the conversion factor is 0-0672 x 3600 = 242 ; 
ind to obtain the value in the commonly used units, B.Th.U. per hour 
[)er sq. ft. per °F. per inch (with both the foot and the inch used as 
length units), it suffices to remember that 1 °F. per inch is 12 °F. per 
foot, whence the conversion factor is 242 x 12 = about 2920. 

Example. If the value of J is 4-2 x 10’ ergs per calorie, find its 
^alue in ft.-lb. per B.Th.U. 

The thermal dimensions of J are 

1 gm. = 1/454 lb. 

1 cm. = 1/30-4 ft. 

1 cal. = 1/253 B.Th.U. 

The conversion factor from the absolute c.a.s. units to the corresponding 
fibsolute British units {foot-poundals per B.Th.U.) is thus 

253 

I (1/454)* X {l/30-4)« X (1/263)-* = jgj-;^=0-000603. 

So J is 4-2 X 10* X 0 000603 = 4-2 X 6030 = 26400 ft.-poundals/B.Th.U., 
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and as there are 32*2 fb.-poundals to one ft.-lb. in these latitudes, J 
25400/32-2 = about 778 ft.-lb. per B.Th.U. 

(Note, by the way, that the dimensions of gr, the acceleration 
gravity, are not involved in this last step ; we are concerned here onl 
with its numerical value, as the number of ft.-poundals in one ft.-lb. 


Dimensions applied to convection problems. 

(a) Bayleigh’s equation, for forced convection. Consider a soli 
body of definite shape, of linear extent Z, immersed in a stream ( 
fluid of heat capacity per unit volume s and conductivity k, Ti 
fluid streams past the solid with steady velocity v, and the stejad 
temperature difference between the body and the stream is 6, It 
required to find how r, the rate of transfer of heat from the bod;^\ t 
the stream, depends on the factors listed. 

Suppose the expression for r can be written in the simple foi^i 
r^AhS^vYs^k^, where A is a numerical constant independent of tl; 
system of units chosen. Obviously, A can only be independent c 
change of units if such change affects both sides of the equatio 
equally, whence the dimensions of both sides of the equation muf 
be^the same. 

Writing in the dimensions of the individual terms : 

for r, HT“^ ; for Z, L ; for 6, 0 ; for v, LT“^ ; 
for 5, HL-30-1 ; for k, ; 

the equation is written dimensionally as 
HT-1 (LT-i)v 
or HT“^ = 

Equating the indices of H, L, T, 6 on both sides, 

S + e = l; a +y — 38 — e ==0 : — y — €=— 1; jS — 8— e = 0. 

We here have four equations, with five indices to determine. Thei 
cannot be found independently and uniquely, so we express four c 
them in terms of the fifth, thus : 

a = l+y; ^ = 1; 8=y; € = l~y. 

Putting in the values of the indices in the original equation, 

r^AV'-^O'ifYsYk^-^, or r-=^AWk{^^^ < 


Now, as y may iiave any value so far as we know, the generf 
solution will be the sum of a series of such expressions, which 

r-Wt.fl''* 




where / is some function 
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Thus, other things being, constant, the rate of transfer of heat 
inder forced convection conditions is proportional to d, the tempera- 
iire excess. 

The formula can be rearranged as 



?here both the left-hand side r/l6k and the expression in the bracket 
vs/k are combinations of quantities arranged to have zero dimen- 
ions, and are called dimensionless products. 

(b) The problem of free or natural convection. In addition to the 
juantities I, 9, s, and k, we may expect that when the flow of fluid 
)ast the solid results from natural convection currents, additional 
actors to be considered will be the viscosity of the fluid (dimensions 
^IL-iT-i), its density p (dimensions ML~®), and its coefficient cf 
ixpansion a (dimensions 0“^), while the acceleration of gravity, g 
dimensions LT"^), appears instead of the velocity v. 

The expression for r can be written as before in the form 
r^AH^svJc^^p^ayg^y 

nd the indices determined, though not uniquely, in the same way. 
f it is decided to work in terms of the dynamical dimensions, 
4, L, T, and 6, there will be four independent equations available 
:o determine eight unknown indices. The indices are, however, not 
really independent. For example, the Archimedes upthrust main- 
aining fluid flow depends on both a and g together, and the fluid 
ipeed resulting from a given upthrust may be expected to depend 
m rj and p jointly. 

The equation can thus be simplified to 
r = AM^s^k^ {'gjpY 

ivhich has six unknowns instead of eight, and can be solved to give 
relation with two undetermined functions of dimensionless pro- 
ducts, thus r _ /BgasHh fsri\ 

ldk~ [ P J'^W)’ 

fvhich is the formula given in Roberts’ Heat and Thermodymmics 
Ip. 242 ), 

I This is only one of a large number of alternative formulae derivable 
n this way, so the method of dimensions is not an automatic device 
br short-circuiting the ordinary processes of physical theory and 
nalysis and obtaining an equivalent result. First, a real apprecia- 
Jon of the physics involved is required in order (a) to select the 
.evant factors on which r depends, (6) to group together thoso 
!uch as and p, or g and a, which are not physically independent in 
he problem, and (c) to select appropriate dimensionless combina- 
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tions to make independent (Jinieiisionless products. Secondly, the* 
formula obtained is not “ the ” result, is not necessarily a correct 
result, but is merely a formula which is physically possible. • 

The formula given above has been found experimentally to apply 
for a wide range of fluid substances, both liquid and gaseous, over 
wide temperature ranges. It will be noted that it is not an explicit 
“ law of cooling ” ; indeed, without experimental work to find the 
form of F, this formula is not very helpful on that particular point. 


APPENDIX II 

ACCURACY 

An error or uncertainty of 1 mm. in measuring a length of about 
2 cm. is a proportional error of 1 part in 20, or 0*05, or a percentage 
error of 5 per cent., which is considerable. The same uncertainty in 
measuring a length of 20 metres is 1 part in 20,000, or 0*005 per cent., 
which for most practical purposes is negligible. The proportional I 
or percentage error, and not the absolute size of the error* is tlie ! 
important thing in assessing accuracy. 

The accuracy of an experiment can be assessed in two ways. 
Before the work is undertaken, the expected maximum error can 
be forecast, and we can call this the expected limit of accuracy. 
After the result has been obtained, each observation being repeated 
several times (as it should be), the agreement between the individual 
observations is a measure of the accuracy actually attained. The 
term “ accuracy ’’ as applied in this book to the usual school experi- 
ments refers to the expected limit ; as applied to the publishinl 
work of scientists, it refers to the nearness of approach to theoretic^al 
expectation which is attained. 

Expected limit of accuracy. Suppose that we are determining the j 
value of a quantity x from observations of the three quantities p, q, 
and r, and that the true values of all these quantities are related by | 
the equation which is to be used to calculate x. 

Let the expected small errors in the observed quantities be Sp, 
Sq, Sr, so that the observed value of p may lie anywhere between 

p + 8p and p - Sp, and can be written p ± 8p, or p ^1 5 sim ilarly 

for q and r. The value of x obtained by using the observed values 
in the formula may lie anywhere between a; + 8a; and x - 8a;, and can 
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be written x , the proportional error being 


hx 

X ' 


Thus 




The maximum value of the computed result occurs when the 
individual errors all have their maximum expected values, and all 
conspire together in the same sense — ^that is, when the actual errors 
ire + 8p, -f Sg', and - Sr. 

Hence 

•' *(* (' +f )” (> + 7 / (‘ - 7 )" 


But 


30 


X =:p«gr*>/—5 ; 

So; 


1-f 


ox 

V "’v 


1 +- 




p 


iJ 


(‘-I 


Expanding each bracket on the right-hand side by the binomial 
theorem, and rejecting squares and higher powers of the small 
. . Sp 

quantities , etc., 


1 + 


8a; 


=( 


1 +a 


Sp 

P 




l+c 


Sr' 


)• 


md multiplying out and rejecting the products of — , — , — taken 


two and three at a time. 


p q r 


so 


_ 8a; _ Sp , 8g 8r 

1-f — — + 6— -hc — , 
X p q T 

8a; 8p , Sq Sr 
— =a— +6 — +c — . 

X p q r 


Now — is the proportional error in the result, and ^ , and — 
X ^ ^ P q r 

are the proportional errors in the observed quantities ; thus the rule 
for finding the expected limit of error is as follows ; 

(1) Multiply the proportional error of each factor by the power 
(regardless of sign) to which it is raised in the formula, and then 
(2) take the sum of all the terms thus obtained ; this gives the 
expected proportional error in the result. 
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Example. The apparent coe£5cient of expansion of a liquid 
measured as on p. 106, using a balance sensitive to 0*01 gm., and a 
thermometer which can be read to 0*1® C. 

The following readings were taken : 

Mass of empty bottle, 20-00 gm. 

Mass of bottle + liquid 

before heating, 72-50 gm. 

Mass of bottle + liquid 

after heating, 70-00 gm. 

Each with expected limit 
of 0-01 gm. 

The quantities to be used in the formula 
_ mass expelled 
mass left in x temp, rise ’ 

are all obtained by differences between the observations ; ai^d as, for 
example, the first weighing may be 0 01 gm. too high, and the third 

0- 01 gm, too low, the error in the difference may be 0-02 gm. 

Thus, 

Mass expelled = 2-50 gm. Rise in temp. = 51-4° C. 

Mass left in = 50-00 gm. 

With expected limit of 0-02 gm. With expected limit of 0-‘2° C 

2-50 

Then a = — -- 2 = 0-0009731, using four-figure tables* 

= 0-008. 

= 0-0004. 

= 0-00391. 

As each of these quantities appears to the first power in the formula, 
the proportional error in a is 0-008 + 0-0004 + 0-00391, which is 0-0123, 
or 1 part in 81, or 1-23 per cent. 

The arithmetical result, 0-0009731, is thus reliable to only about 

1- 2 per cent., and the last two figures are meaningless ; the result should 
be recorded to two significant figures as “ 0-00097, with an expects 
maximum uncertainty of 1-2 per cent.” Do not fall into the “ four- 
figure table trap ”, which yawns open at the end of every experiment ; 
record the result to the number of significant figures consistent with 
the expected accuracy, and no more. Jf you should be working witli 
an accuracy warranting four significant figures, remember that four- 
figure tables are useless, since the fourth figure of the result obtained 
by their use is tmreliable. 

The accuracy attained. The errors actually occurring in an experi'| 
ment may be either random errors or ^stematic errors. , 

(a) Random errors, arising firom slight changes in the experimentalj 




The proportional error in 2-50 gm. is , 

j 2-0 

. . 0-02 

„ „ „ m 60-00 gm. is — - , 


in 51-4° 


LS 


0-2 

51-4’ 


Initial temp. 
Final temp., 


14-0° C. 
65-4° C. 


Each with expected limit of 
0-1° C. 
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conditions and in the alertness of the observer, are as likely to be 
on one side d;S the other. Purely fortuitous errors are distributed 
according to the same probabihty law as governs the distribution 
of molecular velocities in a gas. We need not go into this, except 
to state that it shows that large random errors are less likely to 
occur than small ones. Thus, if a large number of observations of 
the same quantity are made, it is probable that the majority of 
them carry only small errors, whence the mean of a large number 
of observations is likely to be closer to the true result than any one 
individual reading. This is the reasoning behind repetition of read- 
ings and averaging ; it is not just “ hoping the high readings will 
balance the low readings ” — for if, on account of some systematic 
error all the readings are low averaging will not help matters — 
it is a scientific means, based on the laws of chance, of reducing the 
effect of random errors, and of random errors only. 

Let Xi, Xq, Xq, ... be the values of the individual observations, and 
I'n the value of their average, or arithmetic mean. The difference 
(. 1 * 1 -m), (.Tg-m), ... of the individual observations from the mean 
a.re called their deviations. Squaring the deviations gives the terms 
(x’l -m)2, (x ’2 .... By finding the average value of the squares 

of the deviations, and taking the square root of this average, a 
quantity called the root mean square deviation, or standard deviation, is 
obtained. The standard deviation is the figure usually employed 
as a measure of the spread of the observations due to random 
errors, and represents the accuracy actually attained. 

In the table below, the first column gives the results of ten 
determinations of the coefficient of expansion of a liquid by the 
method of pp. 105 and 454. The second column gives the mean, 
the third the individual deviations, the fourth the squared devia- 
tions, the fifth the average value of the squared deviations, and the 
last column the square root of the average of the squared deviations, 
or the standard deviation. 


Value of a. 

Mean. 

Deviation. 

(Deviation)^ 

Average 

(Deviation)^ 

Standard 

Deviation 

97 X 10-» 


0 

0 



94 


- 3 X 10-‘ 

9 X 10-“ 

18-7 X 10-“ 

4-3 X 10-“ 

19S 


+ 0 

30 



90 


-1 

1 



I 104 

97 X 10-' 

+ 7 

49 



92 



25 



100 


+ 3 

9 



94 


^3 

9 



97 


0 

0 



90 


-7 

49 
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The standard deviation is thus 4*3 parts in 97, or about 4*5 pei 
cent. This is nearly four times as great as the expected limit of 
accuracy ; but it is hardly possible to anticipate, except as a rougli 
guess, the random errors before they occur. 

(6) Systematic errors are dealt with in one of three ways. Either 
they are forestalled by suitably arranging the routine of the experi. 
ment so that they cannot contribute to the readings (for examples, 
checking the zero error of a micrometer) ; or they are allowed to 
occur and are then corrected for (for example, the correction for 
the heat lost from a calorimeter, as on p. 50) ; or else they are 
eliminated by repeating the experiment under different conditions 
(for example, the elimination of the cooling correction in the Cal- 
lendar and Barnes experiment, p. 71). Note that repetition undci 
suitably changed conditions, very carefully thought out, is\involv(Hi 
in the last of these methods ; it is not just a simple repetiti^on to 
followed by averaging, as in the case of random errors. 

How can an observer feel confident in his results after all? It is 
true that a small standard deviation should, if sufficient readings 
have been taken, set his mind at rest as to random error. Systematic 
sources of error have to be sought for by varying the experimental 
conditions in as many ways as possible ; if any variation of condi- 
tions leads to an appreciable change in the result, it would lie 
suspected that a systematic error is the cause. Thus, if even 
practicable variation of conditions has been tried, the obserNor 
should be satisfied that systematic errors have been dealt with alsc. 

Probable error. The term “ probable error ’’ is often used, and 
this is sometimes intended to stand for the estimated limit ot 
accuracy, and sometimes for the standard deviation, but strictly 
speaking it has a definite technical meaning different from either. 
The “ most probable value ’’ of the result can be calculated statis- 
tically from the observations, providing there are enough of them 
and that the errors are random. The probable error ” thou 
denotes limits on either side of the most probable value, such tliat 
there is an even chance of the true result lying between those limits. 



CONSTANTS 


The following values have been assumed in working out examples 
unless other figures have been explicitly given : 

ir=31416 log7r = 0-4971 

6=2-718 loge = 0-4343 

The symbol ‘ In ” is used to denote logarithms to the base e. 

In 10 = 2-303. 

In = 2-303 log x. 

^'=981 cm./sec./sec. 

J (J') = 4-2 joules per calorie. 



LOGARITHMS 



Bl 

1 

2 

8 

4 

5 

6 

7 

8 

9 

12 

3 

4 

5 

6 

7 l 

10 

oooo 

0043 

0086 

0128 

0170 






59 

13 

17 

21 

26 

303 







0212 

0253 

0294 

0334 

0374 

48 

X2 

16 

20 

24 

283 

11 

0414 

0453 

0492 

0531 

0569 






48 

12 

16 

20 

23 

273 







0607 

0645 

0682 

0719 

0755 

47 

11 

15 

18 

22 

262 

12 

0792 

0828 

0864 

0899 

0934 






37 

11 

14 

18 

21 

252. 







0969 

1004 

1038 

1072 

1106 

37 

10 

14 

17 

20 

24 2 

13 

1139 

1173 

1206 

1239 

1271 



1367 



36 

10 

13 

16 

19 

23 21 







1303 

1335 

1399 

1430 

3 7 

10 

13 

16 

19 

22 2 

14 

1461 

1492 

1523 

1553 

1584 

1614 





3G 

~9 

ip 

15 

19 

22 2 







1644 

1673 

1703 

1732 

36 

9 


14 

17 

20 2 

16 

! 17&1 

1790 

1818 

1847 

1875 




1987 


36 

9 

n 

14 

17 

20 2 


, 





1903 

1931 

1959 

2014 

3f> 

8 

il 

14 

17 

192 

16 

, 2041 

2068 

2095 

2122 

2148 






36 

8 

III 

14 

16 

192 


1 





2175 

2201 

2227 

2253 

2279 

3 5 

8 

10) 


16 

182 

17 

2304 

2330 

2355 

2380 

2405 



2480 



3 5 

8 


h 


1821 


i 





2430 

2455 

2504 

2520 

3 5 

8 

10 

12 

15 

17 2( 

18 

2553 

2577 

2601 

2625 

2648 






25 

7 

9 

12 

14 

17 K 


j 





2672 

2695 

2718 

2742 

2765 

24 

7 

9 

II 

14 

16 II 

19 

2788 

2810 

2831 

2856 

2878 






24 

7 

9 

II 

13 

I61I 







2900 

2923 

2945 

2967 

2989 

24 

6 

8 

II 

13 

15 1; 

20 

,3010 

3032 

3054 

3075 

3096 

3118 

3139 

3160 

3181 

3201 

24 

6 

‘8 

11 

13 

1511 

Si 

1 3222 

3243 

3263 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

24 

6 

8 

10 

12 

141 

22 

; 3424 

3444 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3598 

24 

6 

8 

10 

12 

14 1 

28 

13617 

3636 

3655 

3674 

3692 

37 It 

3729 

3747 

3766 

3784 

24 

6 

7 

9 

II 


24 

3^2 

3820 

3838 

3856 

3874 

3892 

|3909 

3927 

3945! 

13962 

24 

5 

7 

9 


121 

26 

.3979 

3997 

4014 1 

4031 

4048 

>4065 

14082 

4099 

4116 

!4I33 

23 

5 

7 

9 

10 

12 1 

26 ; 

4150 

4166 

4183: 

4200 

4216 

'4232 

54249 

426s 

[4281: 

I4298 

23 

5 

7 

8 

10 

n I 

27 

'4314 

4330 

4346 

4362 

4378 

14393 

4409 

4425 

I4440I 

14456 

23 

5 | 

6 

8 

9 

11 1 

28 

4472 

4487 

4502: 

45«8 

4533 

4548 

4564 

4579 

4594: 

4609 

23 

5 

6 

8 

9 

II I 

29 j 

4624 

4639 

4654; 

4669 

4683 

4698 

[4713 

4728 

4742! 

4757 

13 

4 

6 

7 

9! 

lOI 

30 

477« 

4786 

4800; 

4814 

48291 

4843 

14857 

4871 

4886 

4900 

13 

4 

6 

7 

9 

iIOI 

81 1 

,4914 

4928 

4942 1 

4955 

4969 

4983 

4997 

5011 

5024 

5038 

13 

4 

6 

7 

8 

lOI 

32 j 

5051 

5065 

5079 j 

5092 

5105 

S119 

5132 

5145 

5159] 

5172 

I 3 

4 

5 

7 

81 

i 91 

33 1 

:s«8s 

5198 

5211 

5224 

5237 

5250 

5263 

5276! 

5289 1 

5302 

13 

4 

1 5 

6 

8 

1 91 

84 { 

:S3iS 

5328 

5340 1 

5353 

5366 

5378 

S39t 

5403 

5416; 

5428 

13 

4| 

i 5 

6 

8 

91 

361 

544« 

5453 

5465 i 

5478 

5490 

5502 

5514 

5527 

5539 

1 555* 

1 2 

4] 

5 

6 

7 

91 

36 ! 

5563 

5575 

5587; 

5599 

5611 

56231 

5635 

5647 

5658 1 

5670 

I 2 

4 

5 

6 

7l 

81 

87 1 

' 5682 

5694 

5705, 

5717 

5729 

5740 i 

5752 

5763' 

5775! 

5786 

I 2 

31 

5 

6 

7 

8 

38 

5798 

5809 

5821 

5832 

5843 

5855 i 

5866 

58771 

5888! 

5899 

1 2 

3 

5 

6 

7 

8 

39 

5911 

5922 

,5933; 

5944 

5955 

5966 1 

5977 

5988: 

5999 

6010 

1 2 

3 

4 

5 

7 

8 

40 

!6o2I 

6031 

604.2 

6053 

6064 

607s: 

6085 

6096I 

6107! 

6117 

X 2 

3 

4 

5 

6 

8 

41 

16128 

6138 

6149 

6160 

6170 

6180 1 

6191 

6201 1 

6212 i 

6222 

X 2 

3 

4 

5 

6 

7 

42 

6232 

6243 

6253 

6263 

6274 

6284; 

6294 

6304 i 

63141 

6325 

X 2 

3 

4 

5 

6 

7 

43 

633s 

6345 

6355, 

6365 

6375 

6385: 

6395 

64051 

64151 

6425 

I 2 

3 

4 

5 

6 

7 

44 

6435 

6444 

6454 1 

6464 

6474 

64841 

6493 

65031 

65131 

6522 

I 2 

3 

4 

5 

6 

7 

46 

16532 

6542 

6551 i 

6561 

6571 

6580 

6590 

6599 

66091 

6618 

X 2 

3 

4 

5 

6 

7 

46 

16628 

6637 

6646. 

6656 

6665 

6675 

6684 

6693! 

6702 1 

6712 

12 

3 

4 

5 

6i 

7 

47 

16721 

6730 

6739: 

6749 

6758 

6767 

6776 

67851 

67941 

6803 

12 

3 

i 4 

5 

5: 

6 

48 

'6812 

6821 

6830, 

6839 

6848 

6857 

6866 

68751 

6884] 

6893 

I 2 

3 

1 '4 

4 

5 

6 

49 

16902 

6911 

6920 1 

6928 

6937 

69461 

6955 

6964, 

69721 

6981 

I 2 

3 


4 

5 ; 

6 


468 





FOUR-FIGURE LOGARITHMS 



480 



ANTILOGARITHMS 



0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

123 

456 

789 

-oo 

1000 

1002 

1005 

1007 

1009 

1012 

1014 

1016 

1019 

1021 

001 

XIX 

222 

•ox 

1023 

1026 

1028 

1030 

1033 

103s 

1038 

1040 

1042 

*045 

00 I 

III 

222 

•02 

1047 

1050 

1052 

1054 

1057 

1059 

1062 

1064 

1067 

1069 

001 

III 

222 

*03 

1072 

1074 

1076 

1079 

1081 

1084 

1086 

1089 

1091 

1094 

001 

XXI 

222 

•04 

1096 

1099 

1102 

1104 

1107 

1109 

1112 

1114 

1117 

1119 

oil 

I I 2 

222 

-06 

1122 

1125 

1127 

1130 

1132 

1135 

1138 

1140 

1143 

1146 

0 I I 

112 

222 

*06 

1148 

II51 

1153 

1156 

1159 

1161 

1164 

1167 

116^ 

1172 

oil 

I I 2 

222 

*07 

1175 

1178 

1180 

1183 

1186 

1189 

1191 

1194 

1197 

*199 

oil. 

I I 2 

222 

*08 

1202 

1205 

120^ 

1211 

1213 

1216 

1219 

1222 

1225 

1227 

oil 

I I 2 

223 

*09 

1230 

1233 

1236 

1239 

1242 

1245 

1247 

1250 

*253 

1256 

01 I1 

I I 2 

223 

-10 

1259 

1262 

1265 

1268 

1271 

1274 

1276 

1279 

1282 

1285 

oil' 

I I 2 

223 

*11 

1288 

1291 

1294 

1297 

1300 

1303 

1306 

1309 

1312 

* 3*5 

0 1 I 

I 2 2 

2 2 3 

•12 

1318 

1321 

1324 

1327 

1330 

1334 

1337 

1340 

*343 

1346 

01 1 

\l 2 2 

223 

*13 

1349 

1352 

1355 

1358 

1361 

J305 

1368 

1371 

1374 

>377 

oil 

tt 2 2 

233 

*14 

1380 

1384 

1387 

1390 

1393 

1399 

1400 

1403 

1406 

*409 

oil 

1^2 2 

233 

• 16 ; 

1413 

1416 

1419 

1422 

1426 

1429 

1432 

143s 

*439 

*442 

oil 

L2 2 

233 

•16 i 

» 44 S 

1449 

1452 

1455 

1459 

1462 

1466 

1499 

1472 

1476 

01 I 

12 2 

233 

•17 1 

1479 

*483 

i486 

1489 

1493 

1496 

1500 

*503 

1507 

15*0 

01 I 

12 2 

233 

*18 1 

I 5»4 

1517 

1521 

1524 

1528 

1531 

1535 

1538 

1542 

*545 

01 1 

12 2 

233 

*19 

1549 

1552 

1556 

1560 

1563 

1567 

1570 

1574 

>578 

,1581 

01 I 

12 2 

333 

•20 

158s 

1589 

1592 

1596 

1600 

1603 

1607 

1611 

1614 

!i6i8 

01 I 

I 2 2 

333 

•21 1 

1622 

1626 

1629 

i <>33 

1637 

1641 

1644 

1648 

1652 

:i656 

01 I 

2 2 2 

33 3 

*22 i 

1660 

1663 

1667 

1671 

167s 

1979 

1683 

1687 

1690 

1694 

ox I 

2 2 2 

33 3 

•28 1 

1698 

170^ 

1706 

1710 

1714 

1718 

1722 

1726 

1730 

1*734 

01 1 

2 2 2 

3 34 

•24 i 

1738 

1742 

1746 

1750 

1754 

1758 

1 1762 

1766 

, *770 

1*774 

0 I I 

j 22 2 

1334 

•25 

1778 

1782 

1786 

1791 

*795 

1 1799 

1803 

1807 

, I8II 

1 1816 

0 1 I 

2 2 2 

334 

*26 1 1820 

1824 

1828 

1832 

1837 

; 1841 

1845 

1849 

1*854 

i 1858 

0 I I 

223 

3 34 

*27 ij 1862 

1866 

1871 

1875 

1879 

; 1884 

1888 

1892 

ji 897 

1 1901 

0 1 I 

223 

■334 

•28 

1905 

1910 

1914 

1919 

1923 

'1928 

1932 

1936 

' * 94 * 

, *945 

01 I 

1223 

1344 

*29 i 

1950 

1954 

1959 

11963 

1968 

1972 

1977 

1982 

; 1986 

1991 

0 I 1 

,223 

:344 

•30 

(1995 

2000 

2004 

; 2009 

2014 

2018 

: 2023 

2028 

2032 

2037 1 

0 X I 

|223 

'344 

•31 

2042 

2046 

2051 

2056 

2061 

. 2065 

2070 

2075 

2080 

, 2084 

0 I I 

•223 

',344 

*82 

2089 

2094! 

2099 

! 2104 

2109 

2113 

2118 

2123 

■ 2128 

2133 

0 1 I 

,223 

1344 

•88 

; 2 I 38 

2143 

2148 

: 2 i 53 

2158 

,2163 

2168 

2173 

2178 

’2183 

0 1 I 

;22 3 

;344 

•34 

2IS8 

21931 

219S 

12203 

2208 

i22I3 

' 221S 

2223 

1 2228 

2234 

I I 2 

j 233 

.445 

•36 

2239 

2244 

2249 

2254 

2259 

! 2265 

* 2270 

2275 

1 2280 

j 2286 

I I 2 

;23 3 

144 5 

•86 

1 2291 

2296 

2301 

12307 

2312 

= 2317 

‘ 2323 

2328 

;2333 

i 2339 

I I 2 

1233 

!445 

*37 

.2344 

2350 

2355 

2360 

2366 

t 237 i 

:2377 

2382 

I2388 

1 2393 

1 I 2 

233 

144 5 

•88 

; 2399 

2404 

2410 

I24I5 

2421 

•2427 

' 2432 

243S 

;2443 

|2449 

1X2 

233 

i 44 5 

*39 

*2455 

2460 

2466 

I2472 

2477 

12483 

! 2489 

2495 

12500 

12506 

I I 2 

233 

'.455 

-40 

I2512 

2518 

2523 

1 2529 

2535 

12541 

1 2547 

2553 

I*S 59 

'2564 

I I 2 

234 

1455 

*41 

2570 

2576 

2582 

'2588 

2594 

> 2600 

1 2606 

2612 

I2618 

2624 

I 1 2 

,234 

!455 

*42 

2630 

2636 

2642 

12649 

2655 

! 2661 

j 2667 

2673 

I2679 

12685 

X 1 2 

;234 


*43 

2692 

2698 

2704 

(2710 

2716 

12723 

12729' 

2735 

2742 

’2748 

I 1 2 

1334 

45 ^ 

•44 

2754 

2761 

2767 

2773 ! 

2780 

2786 

|2793 

2799 

2805 

12812 

X I 2 

1334 

145 ^ 

•46 

2818 

2825 

2831 

2838 

2844 

! 2851 

2858 

2864 

3871 

00 

X X 2 

334 

[lit 

•46 

'2884 

2891 

2897 

12904 

2911 

1 2917 

2924 

293* 

2938 

12944 

I 1 2 

334 


*47 

12951 

2958 

29 t>S 

I2972 

2979 

2985 

2992 

2999 

3006 

; 30 i 3 ' 

1X2 

334 

55 

*48 

! 3<520 

3027 

3034 

'3041 

3048 

3055 

3062 

3069 

3076 

13083 

I I 2 

<344 

1 

*49 

13090 

3&97 

3 «o 5 

13112 

3 »i 9 

13126 

3*33 

3 * 4 * 

3148 

> 3*55 

X 1 2 

1344 

, 1 5 0 c 


460 



ANTILOGARITHMS 




)1 !|8i28 
II 8318 
: 185 ii 
*4 18710 
*6 118913 
II9120 
^ 1 9333 

»8 ,9550 
>9 9772 


3170 3177 3184 
3243 3251 3258 
3319 3327 3334 
3396 3404 3412 
3475 3483 3491 

3556 3565 3573 
3639 3648 3656 
3724 3733 3741 
3811 3819 3828 
3899 3908 3917 

3990 3999 4009 
4083 4093 4102 
4178 4188 4198 
4276 4285 4295 
4375 4385 4395 

4477 4487 4498 
4581 4592 4603 
4688 4699 4710 
4797 4808 4819 
4909 4920 4932 

5023 5035 5047 
5140 5152 5it>4 
5260 5272 5284 

5383 5395 5408 
5508 5521 5534 
5636 5649 5662 
5768 5781 5794 
5902 5916 5929 
6039 6053 6067 
6180 6194 6209 
6324 6339 6353 
6471 6486 6501 
6622 6637 6653 
6776 6792 6808 
6934 6950 6966 

7096 7112 7129 
7261 7278 7295 
7430 7447 7464 
7603 7621 7638 
7780 7798 7816 

7962 7980 7998 
8147 8166 18185 
8337 835618375 
853* 8551,8570 
8730 8750 8770 

8933 8954 8974 

914119162 9183 
9354 '9376 9397 
9572 i 9594 9616 
97951981719840 


3*92 3199 3206 
32(16 3273 3281 
3342 3350 3357 
3420 3428 3436 
3499 3508 35*6 
3581 3589 3597 
3664 3673 3681 

3750 3758 3767 
3837 3846 3855 
3926 3936 3945 

4018 4027 : 4036 
4III 4121 4130 
4207 4217 4227 

4305 4315 4325 

4406 4416 4426 

4508 45*9 '4529 
4613 4624 4634 
4721 4732 4742 
4831 4842 4853 
4943 4955 4966 
5058 5070 5082 
5176 5188 5200 
5297 5309 5321 

5420 5433 5445 

5546 5559 5572 
5675 5689 5702 
5808 5821 5834 

5943 5957 597° 
6081 6095 6109 
6223 6237 6252 

6368 6383 6397 
0516 6531 '6546 
6668 6683 '6699 
6823 6839)6855 
6982 6998 1 7015 
7145 7161 1 7173 
73“ 7328,7345 
7482 7499^7516 
7656 767417691 
7834 785217870 
8017 8035 8054 
8204 8222,8241 

8395 841418433 

8590 861018630 
• 8790 8810 8831 

8995 9016 9036 
9204 9226 9247 
9419 944ii 9462 
1 9638 9661 ! 9683 
I 9863 9886 ',9908 


7 

8 

9 


3214 

3221 

3228 

I I 2 

3 

4 

4 

5 

6 7 

3289 

3296 

3304 

I 2 2 

3 

4 

5 

5 

6 7 

3365 

3373 

3381 

12 2 

3 

4 

5 

5 

6 7 

3443 

3451 

3459 

12 2 

3 

4 

5 

6 

6 7 

3524 

3532 

3540 

I 2 2 

3 

4 

5 

6 

6 7 

3606 

36*4 

3622 

12 2 

3 

4 

5 

6 

7 7 

3690 

3608 

3707 

I 2 3 

3 

4 

5 

6 

7 8 

3776 

3784 

3793 

123 

3 

4 

5 

6 

7 8 

3864 

3873 

3882 

I 2 3 

4 

4 

5 

6 

7 8 

3954 

3963 

3972 

I 2 J\ 

4 

5 

5 

6 

7 8 

4046 

4055 

4064 

I 2 3 

4 

5 

6 

6 

7 8 

4140 

4150 

4159 

I 2 3 

4 

5 

6 

7 

8 9 

4236 

4246 

4256 

I 2 3 

4 

5 

6 

7 

8 9 

4335 

4345 

4355 

123 

4 

5 

6 

7 

8 9 

4436 

4446 

4457 

I 2 3 

4 

5 

6 

7 

8 9 

4539 

4550 

4560 

I 23 

4 

5 

6 

7 

8 9 

4645 

4656 

4667 

123 

4 

5 

6 

7 

9 10 

4753 

4764 

4775 

I 2 3 

4 

5 

7 

8 

9 10 

4864 

4875 

48S7 

I 2 3 

4 

6 

7 

8 

9 10 

4977 

49S9 

5000 

I 2 3 

5 

6 

7 

8 

9 10 

5093 

5*05 

5117 

124 

5 

6 

7 

8 

911 

5212 

5224 

5236 

124 

5 

6 

7 

8 

10 II 

5333 

5346 

15358 

124 

5 

6 

7 

9 

10 11 

5458 

5470 

,5483 

134 

5 

6 

8 

9 

10 II 

5585! 

5598 

5610 

I 3 4 

5 

6 

8 

9 

10 12 

57*5 

5728 

574* 

134 

5 

7 

8 

9 

10 12 

5848 

5861 

5875 

134 

,5 

7 

8 

9 

II 12 

5984 

5998 

6012 

134 

!5 

7 

8 

10 

II 12 

6124 

6138 

6152 

134 

16 

7 

8 

10 

“ 13 

6266 

6281 

6295 

134 


7 

9 

10 

II 13 

6412 

6427 

6442 

134 

i6 

7 

9 

10 

1213 

6561 

6577 

6592 

235 

6 

8 

9 

11 

12 14 

67*4 

6730 

6745 

235 

6 

8 

9 

II 

12 14 

6871 

6887 

6902 

235 

6 

8 

9 

II 

13 14 

703* 

7047 

7063 

235 

6 

8 

10 

II 

1315 

7*94 

7211 

7228 

235 

7 

8 

10 

12 

1315 

7362 

7379 

7396 

235 

7 

8 

10 

12 

13 15 

7534 

755* 

17568 

235 

7 

9 

10 

12 

14,16 

7709 

7727 

7745 

245 

7 

9 

II 

12 

14 16 

, 7889 

7907 

7925 

245 

7 

9 

II 

13 

14 16 

. 8072 

8091 

8110 

246 

7 

9 

II 

13 

15 17 

8260 

8279 

8299 

246 

8 

9 

II 

13 

15 17 

. 8453 

8472 

8492 

246 

8 

10 

12 

14 

15 17 

. 8650 

8670 

8690 

246 

8 

10 

12 

14 

16 18 

8851 

8872 

8892 

246 

8 

10 

12 

14 

16 18 

► 9057 

9078 

9099 

246 

8 

10 

12 

15 

1719 

9268 

9290 

93 ** 

246 

8 

11 

13 

15 

17 19 

! 9484 

9506 

9528 

247 

9 

11 

*3 

15 

17 20 

^ 9705 

9727 

9750 

247 

9 

II 

13 

16 

18 20 

^ 9931 

9954 

9977 

257 

9 

11 

14 

1*6 

18 20 


461 



INDEX 


Absolute scale of temperatuiie, 26, 
140, 326 

Absolute zero, 140 

Absorption of radiation, 371, 376, 
380 

Absorptive power, 380 
Accuracy, 462 
Adiabatic change, 268 
curves, 261, 2^86 
demagnetisation, 323 
desorption, 321 
lapse-rate, 428 
Alloys, 219 
Ampere, 64 

Andrews’ experiments, 169 
Angstrom unit, 369 
Anticyclone, 433 

Apparent coefficient of expansion, 
101, 102, 106-108 
Assmann psychrometer, 204 
Atmospheric composition, 416 
Atmospheric stability, 427 

Balancing column method, 109-112 
Barometer correction, 116 
Berthelot’s latent heat method, 67 
equation of state, 169 
Bimetallic thermograph, 99 
thermostat, 98 
Black body, 377 
source, 387 
spectrum, 388 
radiation laws, 393-396 
Boiling, 180 

Boiling by bumping, 197 
Boiling point, 180 
and pressure, 6, 186 
elevation, 194 
Bolometer, 382 

Boltzmann’s Constant, 162, 292, 391 
Boyle’s Law, 122, 123, 166, 167 
Boyle temperature, 166, 170 
Brightness temperature, 405, 407 
British Thermal Unit, 32 
Bunsen’s ic^ calorimeter, 69 
Buys Ballot’s Law, 434 

Caloric, 230 
Calorie, 30 
Calorimeter, 31 


Callendar’s radio-balcuice, 383 
Callendar and Barnes* experiment, 
71. 246 

Callendar and Griffiths’ bridge, 17 
Callendar and Swann, 73 
Carnot cycle, 277, 282 
Cascade process, 308 
Cavity radiation, 377 
Centigrade degree, 2 
Chappuis, 14 
Charles’ Law, 129 
Chemical hygrometer, 1*99 
Claude process, 312 
Clausius’ equation, 168 
Clausius-Clapeyron equation, 185, 
211, 294 

Clement and Desormes, 262 aqq. 
Clinical therometer, 9 
Clouds, 423 

Coefficient of expansion, cubical, 90 
linear, 81 

real and apparent, 101 
of gas at constant pressure, 129 
Cold accumulator, 318 
Cold front, 441 
Collection of damp gas, 191 
Colour temperature, 406 
Comparator, 88 

Compensated balance wheel, 96 
pendulum, 94 
Conductivity, 328 
Conductivity of bad conductor, 337 
gases, 346 

good conductor, 334 
liquids, 346 
tube method, 341 
Conservation of energy, 228, 249 
Constant pressure experiment, 1 29 
Constcmt volume air thermometer, 
12, 136, 141 
gas scale, 1 1 
gas thermometer, 14 
Continuity of state, 168 
Continuous flow calorimeter, 71 
Convection, 363, 460 
Cooling, 40-46, 65 
Newton’s Law, 41-46, 47, 61, 

66, 57 

method for specific heat of liquifii 
57 
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IJooling correction, 49 

Pooling curves, 211 

Jorrection of gas thermometer, 141 

corresponding states, 168 

Critical constants, 164-167 

Jritical temperature, 168, 161 

Jrookes’ radiometer, 372 

Jurie scale, 22, 324 

Jycle pump, 124 

Cyclone, 433 

Dalton’s Law of partial pressures, 
147, 155, 180, 192 
Davy’s experiment, 231 
Density, 

and temperature, 103 
of gas, 147 

of saturated vapour, 190 
of vapour, 188 
Depression, 433 

Depression of freezing point, 217 
Despretz’ experiment, 114 
Dew, 199, 426 
Dew point, 199 
hygrometers, 200 
Diesel engine, 303 
Dieterici’s equation, 169 
Differential air thermometer, 372 
Differential steam calorimeter, 62 
Dilatometer, 104 
Dimensions, 367, 446 
Disappearing filament pyrometer, 
397, 400, 404 

Displacement law, 390, 393, 396 
Distillation, fractional, 221, 224 
steam, 192 

Distribution formulae, 390-393 
Dry flask experiment, 133 
Dulong and Petit’s Law, 73 
balancing column method, 109 
cooling experiments, 364 
Dumas’ vapour density method, 189 

Efficiency, 279, 293 
Elasticity, 91 
Electrical calorimetry, 67 
Electrical equivalent of heat, 64, 66, 
72, 229, 239 

I*3ectrical hygrometer, 206 
Elec^trolux refrigerator, 208 
I'.missive power, 378 
lOmissivity, 330 
lOnorgy, 29 

Energy, conservation of, 228, 249 
I'nergy density, 378 
Entropy, 284, 286, 287, 291 
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Entropy-temperature diagram, 286, 
429, 431 

Equipartition of energy, 271, 391 
Errors, 454-456 
Ether thermoscope, 371 
Eutectic, 218 
Evaporation, 197 
Exhaust pump, 126, 126 
Expansion, 81 sqq. 

Expansion of water, 1 12 
External work, 246, 248, 260 

Fahrenheit degree, 2 
Film theory of convection loss, 366 
First latent heat equation, 293 
First law of thermodynamics, 229 
Five -fourths power law, 41, 366, 451 
Fizeau’s expansion apparatus, 89 
Flow of heat down cylindrical bar, 
327, 332 

through cylindrical wall, 339 
through spherical shell, 340 
through composite walls, 343 
Flue gas analysis, 366 
Foot-pound, 30 
Forced convection, 363, 460 
Four-stroke cycle, 302 
Fourth power law, 390 
Fractional distillation, 221-224 
Fractionating column, 229 
Free convection, 363, 451 
Freezing point, 211 
depression, 217 
Freezing mixture, 218 
Freezing of pond, 117, 344 
Friction balance, 236, 237 
Frontal theory of depressions, 438 
Frontal surface, 439 
Fundamental interval, 2 
Fused silica, 100 

“ Gamma ”, 262-273 
Gas laws, 122 sqq. 

Gas constant, 144-162 

Geostrophic wind, 434 

Glassware, 99 

Glazed frost, 426 

Gold point, 23 

Good conductors, 334 

Gradient wind, 436 

Graham’s Law of Diffusion, 154 

Gregory and Archer’s experiment, 347 

Guard ring, 335, 336 

Hail, 425 

Hair hygrometer, 206 
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Hampson process, 310 
Heat capacity, 33 

Heating effect of electric current, 64 
Heating of earth, 417 
Helium, 319-321 

Henning’s latent heat method, 68 
Heylandt process, 313 
High temperature, nieasurement of, 
19, 24, 395 
Hoar frost, 426 
Hope’s experiment, 113 
Humidity, 198 
Hydrogen, 318, 319 
Hygrometers, 199 8qq, 

Hypsometer, 7 

Ice point, 2, 6, 23 

Ideal gas, 139-144, 149, 247 aqq. 

Ideal gas scale, 4 
Indicator diagram, 301 
Infra-red radiation, 370 
Ingen-Hausz’ experiment, 333 
Internal combustion engine, 301 
Internal work, 249, 251 
International atmosphere, 420 
joule, 227 

temperature scale, 13, 23 
volt, 64 

Inversion temperature, 253, 256, 

257 

Isobars, 432 
Isothermal change, 247 
Isothermal curves, 159 
Isotopes, 31 

Jaeger and Steinwehr, 237 
Joly’s differential ste€un calorimeter, 
62 

Joule, 229 

Joule’s experiments on the equival- 
ence of heat and work, 231-235 
Joule and Playfair’s experiment, 114 
Joule-Kelvin effect, 252, 254, 307 

Kannuluik and Martin, 350 
Katheurometer, 254 
Kelvin scale, 4, 25, 140, 281 
Kilowatt, 30 

Kinetic theory, 74, 147. 155, 258 
KirchhoflTs Law, 380 
Kundt’s tube, 354 

Laby and Hercus, on conductivity of 
gases, 346 

on determination of “ J ”, 240 
Lapse rate, 421, 428 


Latent heat, 37 
equations, 295 

of evaporation, 38, 55, 57, 67, 68 
of fusion, 39, 53 

Lees’ method for bad conductors, 337 
Leslie’s cube, 373 
Lever expansion apparatus, 85 
Linde double column, 315 
Linde process, 311 
Liquefaction of gases, 307 aqq. 
iTiquid helium, 321 j 

Liquid oxygen calorimeterj 61 
Liquid oxygen plant, 317 
Low temperature, 324 

Maximum-and-minimum thermo- 
meter, 10 

Maxwell distribution, 289 
McLeod gauge, 128 \ 

Mechanical equivalent of heat, 64, 71, 
229, 239, 245 

Mean square velocity, 151 
Melting point, 2 10 
Mercury, absolute expansion of. 111 
Mercury thermometers, 5, 21 
Micrometer expansion apparatus, 87 
Micron, 369 

Nemst and Lindemann’s calorimeter, 
67, 70, 73 

Newton’s Law of cooling, 41-45, 49, 
51, 56, 57, 364 

Normal temperature and pressure 
(N.T.r.), 146 
Nusselt equation, 367 

Optical pyrometry, 21, 400 
Orographic depression, 444 
Osborne, Stimson, and Ginnings, 69, 
242 

Otto cycle, 302 
Oxygen calorimeter, 61 
Oxygen plant, 317 
Oxygen point, 23 

Peltier effect, 383 
Pendulum compensation, 93 
Perfect gas — aee Ideal gas 
Phase r^e, 215, 216 
Piranl gauge, 359 
Planck’s formula, 391, 393 
Platinum resistance thermometry, 15, 
24 

Potentiometer, 18 
Pound-degree C. unit, 32 , 

Power, 30 

Pressure, standard, 2 
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Pressure and altitude, 419 
Pressure coefficient, 134, 138 
Prevost’s theory of exchanges, 376 
Probable error, 456 
Pyknometer, 106 
Pyrheliometer, 40C 
Pyrometry, 21, 39( sqq. 

Quantity of heat, 3i 
Quantum theory, 75, 391 

Radiating power, 37i» 

Radiation, 368 
Radiation laws, 389- 394 
Radiation temperatures, 404 
Radiation pyrometry, 21, 396 sqq. 
Radio-balance, 383 
Radiometers, 386 
Radio-micrometer, 385 
Random error, 454 
Rankine cycle, 298 
Ratio of specific heats of gas, 262- 
273 

Rayleigh’s convection equation, 450 
Rayleigh’s radiation formula, 390 
Real coefficient of expansion, 101, 
102, 107, 108 
Real gas, 137 

lieal equation of state, 168, 257 
Refrigerators, 208, 304 
Regelation, 212 
Regnault, 51, 111, 201 
“ Reggio ”, 95 
Relative humidity, 198 
Residual rays, 409 
Reversibility, 279, 288 
Reynolds’ Number, 367 
Rime, 426 

Ritchie’s experiment, 374 
Rowland’s determination of “ J ”, 
236 

Ruchardt, 297 
Rumford, 230 

Saturated vapour, 162, 178, 179, 181- 
185 

Scale of temperature, 3, 142 
Searle’s method for good conductor, 
334 

Secondary depression, 433 
Second latent heat equation, 296 
Second law of thermodynamics, 279, 
292 

Second virial coefficient, 157, 170 
Simple-tufee vapour-pressure experi- 
ment, 186 
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Sinker method for expansion of 
liquid, 107 

Slow -oscillation method for “ y ”, 267 

Snow, 426 

Solar constant, 384 

Solders, 220 

Solidification of hydrogen, 319 
of helium, 322 

Specific gravity bottle experiment^ 
105 

Specific heat, 33-36, 75 
ot gas at constant pressure, 37, 5 1 , 73 
of gas at constant volume, 37, 63 
ratio for gases, 262-273 
Standard gas thermometer, 13 
Steam distillation, 192 
Steam engine, 299, 300 
Steam point, 2, 7, 23 
Stefan’s Law, 389, 393 
Stratosphere, 421 
Sublime tion, 213 
Sulphur point, 23 
” Sunvic ” switch, 97 
Superconduction, 325 
Superficial expansion, 90 
Supersaturated vapour, 196 
Surface energy, 296 
Surface tension, 296 
Systeniatic error, 456 

Temperature, 1 
Tephigram, 429-431 
Terminal velocity of raindrop, 424 
Therm, 32 

Thermal capacity, 33 
Thermal conductivity, 327 
Thermal insulation, 359 
Thermal wind, 433 
Thermocouple, 19, 24 
Thermodynamics, 

First law, 229 
Second law, 279, 292 
Thermoelectric pyrometers, 19, 24 
Thermopile, 372, 384 
Thermos fiask, 360 
Thermostats, 17, 96, 208 
Thomson’s hypothesis, 163, 170 
Toepler pump, 127 
Total radiation pyrometer, 396, 398, 
404 

Triple point, 213 
Troposphere, tropopause, 421 

Uniform temperature enclosure, 376i 
379 

UnsB-turated vapour, 162 
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Vacuum calorimeter, 69 
Vacuum flask, 360 

Van der WaaJs* equation, 164, 249, 
264 

Vane radiometer, 386 
Vapour density, 188-190 
Vapour pressure, 179 sqq,^ 193, 196 
Velocity of sound, 1 63, 268 
Victor Meyer’s method, 189 
Virial coefficients, 143, 167, 169 
Virial expansion, 143 
Volt, 64 

Volume coefficient, 129, 132, 138 
Wanner pyrometer, 401 


Warm front, 441 
Warm sector, 442 
Water equivalent, 33 
Watt, 64 

Weather forecasting, 433 aqq, 
Wet-and-dry bulb hygrometer, 202 
Wet-flask experiment, 187 
Wiedemann-Franz Law, 344 
Wien’s Displacement Law, 390, 393 
396 

Wien’s formula, 391, 393 , 

X-rays, 91 

Young’s modulus, 91 



ANSWERS TO EXAMPLES 


Chapter I (p. 27) 

I. 17‘3° C. on the constant volume scale. 7, 47*7® C. 

Chapter II (p. 78) 

8. Thermal capacity, 8*0 cal. per C. degree ; specific heat 0*27. 

3. 991° F. 4. 11*26 gm. 7. 2290 joules per gm. 8. 683° C. 

L 3*176 gm. 13.0*62. 14. 27*8° C. 17. 0*088. 18.0*12. 

9. (a) (rate 1) : (rate 2) 

(6) (rate 1) : (rate 2)=r^ir-^. It is here assumed that the spheres are 
perfect thermal conductors. 

I, 2*96 centigrade degrees per minute. 22. 10 gm. of water. 

I. 69*6 cal. per gm. 25. 2*81 cal. per gm. 26. 4*95 centigrade degrees. 
?• Graph gives rate of fall of temperature at 63° C. =0*4° C./sec. rate of 
loss of heat at 63° C. = 7*6 cal. /sec. Equating this to the rate of supply, 
PR 

— , R works out to 2*6 ohms. 

4*<6 


Chapter HI (p. 118) 

1. 0*12 ft. too long. 3. 4*1 sec. 4. 3*016 x 10’ dynes. 

8. 1*42 X dynes. 7. 20*4° C. 8. 2*67 c.c. 16. 0*00028 cm. 

7. k{l +a0 ; +(a -2A)r] ; «o— or, 41 +(« -3A)fl. 18. 1/8. 

9. 963*9 gm. 20. 76*64 cm. 21. 751*4 mm. 22. 2*6 mm. 


Chapter IV (p. 172) 

1, 4*0 c.c. 2. 22*6 cm. mercury, or 312*6 cm. of water. 

8, 66 ft. 4 in. 5. 26 complete strokes. 6 . 76*75 cm. 


7. 0*122 gm. 8 . 890 c.c. 

2. 87*76 cm. l8. - 270*6° C. 
.6. 0*028 gm. wt. per sq. cm. 

.8. 34*6 lb. wt. per. sq in. 

S4. 46 per tent. 

J6. 1*846 X 10* cm. per sec. 

JO. 1 *84 X 10® cm. per sec. 
tl, 1898 metres per sec. 


10. 764 mm. 11. 6937 cu. m. 
15. 107° C. 

17. 77*4 cm. 

19. 274*4 degrees absolute. 

25. 3*41 X W® (cm. per sec.)*. 

27. All ; 6/7. 

30. 4*613 X 10* cm. per sec. 

32. 3*65 X 10^1; 3*11 xl0“. 


Chapter V (p. 226) 

1. 739-5.imii. ; 660 mm. 8. 9-97 metres. 7. 226-4 o.c. 

9. 14-86 om. 14. 1-1787 gm. 16. 99-48 cm. 18. 54-6® 0. 
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25P <y f o\ 

19. Here the pressure defect — . ( or approximately, — . - ) must equiij 

r p -a \ r p/ 

0’0l5, where s is the s.v.p. in dynes /sq. cm. at the temperature cor. 
sidered. By the method of p. 192, assuming necessary data, cr at 
pressure s is approximately 8 x gm./c.c. 


2 X 80 8 X 10-10 


x« = 0*01s 


giving r = 1-28 x 10“® cm. 


Chapter VI (p. 273) 

2. 2 In lb. wt. 8. 778 7 ft. lb. 

4. (a) 23-81 cal. ; (b) 26 centigrade degrees. 

5. 0-66 centigrade degrees per second. 

84.000 cm. per sec. 9. 9 = 

4-2 X 10’ 

10. Coke ; 9*141 x 10”* pence per calorie. 

Electricity ; 1*79 x 10“'^ pence per caiorio so 

, cost of coke : cost of electricity = about 5 x 10*^'** 

11. 4*17 joules per calorie 14. C^=0 1659 (cal. per gm. per C. degree). 

15. jR/J. 16. 4*17 X 10’ ergs per calorie. 

17. =0*237 (cal. per gra. per centigrade degree). 

18. 0-491 (cal. per gm. per centigrade degree). 

19. 4*25 X 10’ ergs per caiorio. 20. 4*16 x 10’ ergs per calorie. 

21. 4*196 X 10’ ergs per calorie. 

25. Total energy supplied =640 x 4*2 x 10’ =2*27 x 10’® ergs ; external worl 
= 76 X 13*6 X 981 x 1649 =0-17 x lO’® ergs ; so internal work =2-1 x 10’' 
ergs. 

Chapters VI and VII (p. 305) 

2. Assuming isothermal conditions, 

work In 10 =2-302 ^ 2^2 ©rgs. 

As P 2 = 10’ dynes per sq. cm., and Fg =7r x 200* x 900 c.c., and one kwh 
is 3-6 X lO’® ergs, this gives 23*027r kwh., or about 72 kwh. 

4. 0*35'^ C. 

6 . First expansion gives V =2000 c.c. at p=6 x 10® dynes per sq, cm., anc 

does external work pj Fj In 2 = 10® x 0-693 ergs. 

Second expansion gives final pressure 1*9 x 10® dynes per sq. cm., am 
temperature 228® absolute. External work done in second case is 

-- (6 X 10' X 2000 - 1 -9 X 10' X 4000) =6x10' ergs. 

0*4 

8* 0*99 cal. per gm. per centigrade degree 9. 2*35 x 10® ergs. 

15. Working in terras of power , 

Case 1. » whence as SIF = 12-24 kw., H = 48 kw. 

ri «>9u 

Case 2. = , and os 61F is now 2*24 kw., H = 22*4 kw. ft 

H 3v0 

the engine, the total rate of heat supply being 32*4 kw. 
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So, aflsiiining no heat losses in transmission, the rate of heat supply to 
achieve the desired result is less in Case 2. 


Chapter IX (p. 409) 


3. 0-00096 cal./aq. cm./C. deg. /sec. 2-0 centigrade degrees per minute. 
7. 6 9 gm. 8. 0-0038 centigrade degrees per sec, 

9. 0-0002. 10. 4-8 centigrade degrees. 


12. 2-52 X 10® cal. per min. 


13. 


li^R 

KAJ 


+ T. 


14. 

/*-! ^2 


* 1 " 

~ ~k 

16. 78-8° C.; 23-5° 
18. 351 sq. cm. 

21. 14-74 hours. 


C. 


15. 0-92. 

17. 5-25 X 10-'^ centigrade degrees per annum. 

19j 9 min. 38 sec. 20^ 0-763 cm. per hour. 

22. About 49 minutes. 23. 1-56 x 10® cal. 


24. About 370 (;entigrade degrees. 
33. 4-04 X 10“® ergs per c.c. 

I 37 . 9-26 centigrade degrees per cm. 


27. 

36. 6722° absolute. 

30. = or, V, = V, 
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